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INTRODUCTION 


1.  ELECTROOPTICAL  DEVICES 

The  theoretical  performances  of  impedance-matched  lumped-element  and  traveling-wave  integrated- 
optical  phase  modulators  have  been  compared.  For  LiNbC^  devices  operating  at  1.3  /im  with  modu¬ 
lation  frequencies  up  to  several  gigahertz,  the  theoretical  impedance-matched  response  of  lumped- 
element  modulators  exceeds  that  of  traveling-wave  modulators  if  the  product  of  the  modulation 
frequency  and  electrode  length  is  below  20  GHz-mm. 

A  preliminary  comparison  has  been  made  between  the  dopant  redistribution  behavior  in  heat-treated 
semi-insulating  InP:Fe  substrates  and  that  in  heat-treated  InP:Ti:Hg  substrates.  SIMS  analysis  indi¬ 
cates  that  the  diffusivity  of  Ti  in  InP  is  much  lower  than  that  of  Fe,  and  sheet  Hall  measurements 
performed  on  Si+-implanted  substrates  show  that  electrical  activation  of  Si  does  not  degrade  in 
InP:Ti:Hg  as  the  annealing  temperature  is  increased. 

A  special  reactor,  which  exploits  the  large  difference  in  thermal  expansion  between  quartz  and  gra¬ 
phite,  has  been  designed  and  used  to  strongly  compress  two  InP  wafers  at  high  temperatures  and  fuse 
them  together  through  mass  transport.  This  fusion  technique  offers  new  possibilities  for  monolithic 
integration. 

Mass  transport  of  GalnP  lattice  matched  to  GaAs  has  been  successfully  demonstrated  in  two  differ¬ 
ent  double  heterostructures.  This  first  reported  use  of  alloy  semiconductor  mass  transport  opens 
the  way  for  applying  that  powerful  fabrication  technology  to  GaAs-based  devices,  in  particular  to 
Gain AsP/ GaAs  lasers. 

Coherent  operation  of  four  devices  in  a  5-element  linear  array  of  InGaAsP  diode  lasers  has  been 
achieved  in  an  external  cavity.  Narrow,  multilobe  far-field  patterns  with  ~65  percent  of  the  energy  in 
the  central  peak  were  obtained. 


2.  QUANTUM  ELECTRONICS 

Single-frequency,  gain-switched  pulses  as  short  as  120  ps  have  been  obtained  with  a  microchip  laser, 
and  much  shorter  pulses  are  possible.  The  short  microchip  laser  cavity  allows  rapid  buildup  of  the 
gain-switched  pulses. 

Laser  spiking  in  a  long-pulse,  pulse-pumped  Nd:YAG  laser  has  been  substantially  suppressed  by 
intracavity  second-harmonic  generation.  This  technique  is  easy  to  implement  and  results  in  <1  per¬ 
cent  loss  of  laser  pulse  energy. 

A  pumping  scheme  using  multiple  diode  arrays  that  offers  the  potential  for  an  order  of  magnitude 
power  scaling  of  end-pumped  lasers  has  been  experimentally  demonstrated.  Diffraction-limited  out¬ 
put  with  a  power  of  520  mW  has  been  obtained  from  an  Nd:YAG  laser  pumped  with  three  diode 
laser  arrays. 

A  0.35-W,  single-frequency  laser  has  been  demonstrated  using  a  wide-stripe  diode  in  an  external 
cavity.  The  residual  reflectivity  of  antireflection  coatings  degrades  lateral  mode-selectivity,  thus 
imposing  limits  on  the  brightness  of  this  laser. 
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3.  MATERIALS  RESEARCH 


The  growth  rate  of  epitaxial  layers  can  be  accurately  determined  by  measuring  the  temporal  period 
of  reflection  high  energy  electron  diffraction  (RHEED)  oscillations  generated  during  growth  by 
molecular  beam  epitaxy.  A  digital  signal-processing  technique  has  been  developed  for  extracting  this 
period  from  RHEED  signals  obtained  under  growth  conditions  that  do  not  yield  oscillations  suffi¬ 
ciently  obvious  to  permit  the  period  to  be  obtained  directly  from  plots  of  intensity  vs  time. 

4.  SUBMICROMETER  TECHNOLOGY 

Changes  in  the  optical  properties  of  OH-rich  fused  silica  exposed  to  pulsed  193-nm  radiation  from 
an  ArF  laser  have  been  studied.  Prolonged  irradiation  results  in  increased  193-nm  absorption, 
changes  in  refractive  index,  and  compaction  of  the  fused  silica  which  produces  stress-induced 
birefringence. 

In  order  to  study  growth  of  GaAs  through  the  gate  fingers  of  a  regrowth  field  effect  transistor,  test 
patterns  consisting  of  450-nm-period  gratings  at  varying  orientations  have  been  fabricated  by  direct- 
write  electron  beam  lithography.  Optimization  of  the  exposure  conditions  has  yielded  satisfactory 
patterning,  and  test  structures  can  now  be  produced  routinely. 

5.  MICROELECTRONICS 

GaAs  resonant-tunneling  diodes  operating  at  room  temperature  have  yielded  fundamental  oscilla¬ 
tions  up  to  frequencies  of  420  GHz.  These  oscillations  are  consistent  with  a  generalized  impedance 
model  for  the  resonant-tunneling  diode  that  accounts  for  an  inductive  delay  intrinsic  to  coherent 
resonant  tunneling,  and  a  transit-time  delay  associated  with  the  relatively  long  depletion  layer  on  the 
anode  side  of  the  tunnel  structure. 

Radiative  transitions  by  optically  excited  carriers  between  subbands  of  a  quantum-well  structure 
have  been  observed.  Excitation  by  a  CO2  laser  operating  at  a  photon  energy  of  133  meV  produced 
emission  with  peak  energy  at  17  meV  and  a  full  width  at  half-maximum  of  3  meV. 

A  multichip  casting  process  has  been  demonstrated  that  allows  the  precise  location  and  integration 
of  chips  fabricated  with  different  materials  and  technologies.  The  interconnects  for  a  multichip  inte¬ 
grated  optical  receiver  were  defined  in  one  standard  photolithographic  step  directly  on  the  epoxy 
casting  and  coplanar  chip  surfaces  and  then  metallized  using  Au  electroplating. 

6.  ANALOG  DEVICE  TECHNOLOGY 

An  inductively  coupled  plasma  oxygen  source  has  been  fabricated  that  produces  an  atomic  flux 
greater  than  5  X  1015  atoms  cm*2  s’1  and  has  decomposition  efficiency  higher  than  25  percent.  This 
source  will  be  used  for  the  in-situ  deposition  of  superconductive  Y-Ba-Cu-0  thin  films. 

On-chip  integration  of  wideband  (multigigahertz)  analog  superconductive  electronics  with  supercon¬ 
ductive  digital  electronics  has  been  achieved  with  the  fabrication  and  testing  of  an  analog  correlator 
coupled  to  digital  readout  circuitry.  The  device,  in  correlating  two  4-GHz  tones,  showed  a  readout 
dynamic  range  of  37  dB. 
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1.  ELECTROOPTICAL  DEVICES 


1.1  THEORETICAL  COMPARISON  OF  LUMPED-ELEMENT  AND 

TRAVELING-WAVE  INTEGRATED-OPTIC  PHASE  MODULATORS 

In  this  report  we  compare  the  theoretical  performances  of  lumped-element  and  traveling- 
wave  integrated-optical  phase  modulators.  Both  device  configurations  are  suitable  for  modulation 
frequencies  up  to  several  gigahertz.1'3  The  analysis  shows  that  optimum  modulator  response  is 
obtained  when  the  device  is  impedance-matched  to  the  RF  drive  source.  While  this  may  be  diffi¬ 
cult  to  accomplish  for  broadband  applications,  it  is  often  possible  to  achieve  efficient  impedance¬ 
matching  for  narrowband  applications.  For  LiNb03  devices  operating  at  a  wavelength  of  1.3  pm, 
the  theoretical  impedance-matched  response  of  lumped-element  modulators  exceeds  that  of 
traveling-wave  modulators  if  the  product  of  the  modulation  frequency  and  electrode  length  is 
below  20  GHz-mm. 

The  lumped-element  electrooptic  phase  modulator  is  illustrated  in  Figure  1-1  and  consists  of 
an  optical  waveguide  and  coplanar  electrodes.  An  equivalent  circuit  of  a  phase  modulation  sys¬ 
tem  containing  an  electrical  source,  matching  circuit,  and  modulator  is  shown  in  Figure  1-2.  The 
modulator  is  modeled  as  a  series  RC  circuit.  The  voltage  across  the  capacitor  corresponds  to  the 
electrode  voltage.  This  lumped-element  model  is  limited  by  electrical  transit  time  considerations 
to  fL  products  less  than  20  GHz-mm,  where  f  is  the  modulation  frequency  and  L  is  the  electrode 
length.  It  is  assumed  that  the  electrode  voltage  and  current  vary  sinusoidally  with  amplitudes  Vm 
and  Im,  respectively.  The  phase  modulation  amplitude  4>m  is  proportional  to  the  VmL  product, 
and  the  capacitance  C  is  proportional  to  L.  Therefore,  4>m  is  proportional  to  the  electrode  charge 
Qm  =  CVm.  The  maximum  response  is  obtained  when  the  current  Im  is  maximized.  This  is 
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Figure  1-1.  Schematic  illustration  of  a  lumped-element  channel-waveguide  electrooptic  phase  modulator.  The 
phase  modulation  is  proportional  to  the  product  of  the  applied  voltage  V(t)  and  the  electrode  length  L. 


Figure  1-2.  Equivalent  circuit  containing  the  lumped-element  phase  modulator,  electrical  source,  and  match¬ 
ing  circuit. 
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achieved  by  impedance  matching  the  source  to  the  modulator  and  dissipating  all  of  the  available 
power  in  the  series  resistance  Rm.  A  figure  of  merit,  KLE  =  4>m2/  Ps,  where  Ps  is  the  maximum 
electrical  power  available  from  the  source,  can  be  written  as 

kle  =  — - 7 - : — •  0-1) 

2f^(C/L)2(V;rL)2Rm 

The  parameters  C/L  and  V^L,  where  is  the  voltage  change  required  for  a  7r-radian  phase 
shift,  are  length  independent.  Any  length  dependence  of  Rm  is  ignored  in  this  analysis  and  is 
minimized  in  experimental  devices  by  using  multiple  electrical  feeds  along  the  length  of  the  elec¬ 
trodes.  Under  this  assumption,  the  impedance-matched  modulator  response  varies  inversely  with 
frequency  but  has  no  length  dependence.  For  narrowband  applications,  either  baseband  or  band¬ 
pass,  it  is  often  possible  to  achieve  efficient  matching  over  the  entire  modulation  bandwidth.  A 
lumped-element  interferometric  modulator  with  a  transformer  impedance  match  has  been 
demonstrated.4 

An  equivalent  circuit  of  the  traveling-wave  phase  modulator  system  is  shown  in  Figure  1-3. 
The  traveling-wave  electrode  impedance  is  Zm  and  the  source  impedance  is  Z$.  Lossless  elec¬ 
trodes  are  assumed.  The  maximum  modulator  response  is  obtained  with  the  electrode  transmis¬ 
sion  line  impedance-matched  to  the  electrical  source.  In  this  case  all  of  the  available  power  is  dis¬ 
sipated  in  the  electrode  termination  resistance  and  the  amplitude  of  the  electrode  voltage  wave  is 


Figure  1-3.  Equivalent  circuit  containing  a  traveling-wave  modulator  with  electrode  impedance  Zm,  matched 
termination,  electrical  source,  and  matching  circuit. 


maximized.  In  general,  the  traveling-wave  modulator  response  depends  on  both  the  modulation 
frequency  and  electrode  length.  The  figure  of  merit  can  be  written  as 


KTw  — 


4>l 


2Zn 


sin2(7rf5vL) 


TW 


(V,L)262v 


(1-2) 


where  Sv  accounts  for  the  mismatch  between  the  optical  and  electrical  velocities.  For  LiNbOj 
devices,  5V  2/c,  where  c  is  the  speed  of  light.  The  impedance  Zm  is  nearly  independent  of  fre¬ 
quency;  therefore,  impedance  matching  should  be  considerably  easier  than  for  the  lumped-element 
device. 
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The  relative  performance  of  impedance-matched  lumped-element  and  traveling-wave  modula¬ 
tors  as  a  function  of  the  modulation  frequency  and  electrode  length  is  determined  from  the  ratio 


KTw 


RmZmsin2(7rf5vL)  . 


(1-3) 


The  responses  of  the  two  modulator  configurations  are  equal  when  Kj^/Kle  =  1-  This  occurs 
for 


fL  =  (fL)0 


(1-4) 


For  an  fL  product  less  than  (fL)p,  the  lumped-element  device  has  higher  response  than  the 
traveling-wave  modulator.  Over  a  range  of  the  fL  product  where  fL  is  greater  than  (fL)o,  the 
traveling-wave  design  will  have  better  performance.  Here,  LiNb03  device  parameter  values  Rm  = 

5  Cl,  C/L  =  0.5  pF/mm,  and  Zm  =  40  Cl  will  be  assumed.  For  these  parameters,  the  crossover 
point  is  (fL)o  ’as  23  GHz-mm.  This  result  suggests  that  for  modulation  frequencies  up  to  several 
gigahertz  and  for  all  fL  products  for  which  the  lumped-element  analysis  is  valid  (<  20  GHz-mm), 
the  lumped-element  response  will  exceed  that  which  can  be  obtained  with  a  traveling-wave  device. 
An  example  of  this  result  is  shown  in  Figure  1-4  where  Kle  and  Krw  are  plotted  as  a  function 
of  L  for  1-GHz  modulation.  The  response  of  the  traveling-wave  device  exceeds  that  of  the 
lumped-element  device  only  for  electrode  lengths  longer  than  23  mm.  Therefore,  if  impedance- 
matched  operation  is  obtainable  and  an  electrode  length  less  than  23  mm  is  desired,  a  lumped- 
element  device  provides  the  highest  response  for  1-GHz  modulation. 

L.M.  Johnson 


Figure  1-4,  Response  of  a  lumped-element  (LE)  and  traveling-wave  (TW)  modulator  as  a  function  of  elec¬ 
trode  length  at  a  modulation  frequency  of  1  GHz.  Impedance-matched  operation  is  assumed.  For  L  >  20  mm, 
approximations  employed  to  calculate  lumped-element  operation  are  not  valid. 
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1.2  COMPARISON  OF  THE  THERMAL  STABILITY  OF  SEMI-INSULATING 

InP:Fe  AND  InP:Ti:Hg 

Semi-insulating  InP  is  a  very  useful  substrate  material  for  a  variety  of  high-frequency  and 
high-power  electronic  and  optoelectronic  devices.  Such  devices  are  fabricated  either  by  direct  ion 
implantation  or  epitaxial  growth  of  lattice-matched  GalnAs,  AlInAs  or  InP,  depending  on  the 
application.  Fe-doped  semi-insulating  InP  has  been  the  substrate  material  of  choice  because  resis¬ 
tivities  in  the  range  of  107  to  108  H-cm  are  routinely  achieved.  Doping  InP  with  Fe,  a  deep 
acceptor  located  about  0.63  eV  below  the  conduction  band,5  in  excess  of  3  X  1016  cm"3  introdu¬ 
ces  a  sufficient  amount  of  deep  acceptor  levels  to  compensate  the  residual  shallow  donors  and 
pin  the  Fermi  level  near  midgap.  It  has  been  reported,  however,  that  severe  redistribution  of  Fe 
occurs  near  the  surface  at  temperatures  typically  encountered  during  post-implant  annealing  and 
epitaxial  growth.6’7  In  either  case,  upon  heating,  this  so-called  thermal  instability  results  in  an 
accumulation  of  Fe  within  1000  A  of  the  surface,  below  which  is  a  relatively  deep  (~  1  /im) 
region  substantially  depleted  of  Fe.  The  deep  Fe  depletion  region  is  believed  to  be  the  cause  of 
surface  type  conversion  (i.e.,  an  n-type  surface  layer  forms  in  InP:Fe  substrates  during  heat 
treatment).  In  addition,  since  background  Fe  content  has  been  shown  to  critically  affect  the  acti¬ 
vation  efficiency  of  low-dose  Si  implants,8  any  surface  redistribution  of  Fe  should  therefore 
adversely  affect  the  formation  of  n-type  channel  regions  typically  employed  in  InP  FETs. 

Although  wafer  qualification  and  strict  control  of  process  temperature  cycles  can  minimize  delete¬ 
rious  effects  due  to  Fe  redistribution,  a  thermally  stable  semi-insulating  InP  substrate  would  per¬ 
mit  greater  process  latitude  and  be  less  prone  to  electrical  variations  across  a  wafer.  Recently,  it 
has  been  shown  that  semi-insulating  InP  can  be  grown  by  co-doping  the  melt  with  Ti,  a  deep 
donor,  and  a  suitable  shallow  acceptor  such  as  Zn,  Cd,  Be  or  Hg.9  Resistivities  in  the  range  of 
1  to  3.3  X  106  fl-cm  have  been  achieved  using  this  technique.  Brandt10  proposed  that  semi- 
insulating  substrates  prepared  by  Ti  doping  should  exhibit  improved  thermal  stability  because  Ti 
should  have  a  much  lower  diffusivity  in  InP  than  Fe.  This  reasoning  is  based  on  the  known  dif- 
fusivity  trend  for  the  3d  transition  elements  in  GaAs.10  In  this  report  we  directly  compare  the 
redistribution  of  Fe  with  that  of  Ti  and  Hg  in  their  respective  semi-insulating  substrates  under 
identical  annealing  conditions. 

InP:Fe  ([Fe]  1  6  X  1016  cm-3)  and  InP:Ti:Hg  ([Ti]  =  1016  cm"3,  [Hg]  =  1016  cm-3)  crystals 
with  residual  donor  concentrations  of  about  5  X  10 15  cm'3  were  cut  into  (lOO)-oriented  wafers. 
The  wafers  were  subsequently  polished  and  free  etched  using  3  percent  and  0.5  percent  Br- 
methanol  solutions,  respectively.  Slices  from  each  type  of  wafer  were  cut  into  several  samples. 
Some  were  used  as  control  pieces  and  others  were  coated  with  1000  A  of  plasma-deposited  Si3N4 
and  annealed  at  800° C  for  30  min  in  a  graphite  strip  heater  system  under  a  dilute  PH3  (0.2  per¬ 
cent  in  N2)  atmosphere.  Following  annealing,  the  Si3N4  encapsulant  was  stripped  in  a  50/50 
HF/H20  solution  and  the  atomic  concentrations  of  the  dopants  were  determined  as  a  function  of 
depth  from  the  surface  by  SIMS  analysis.  The  results  are  shown  in  Figures  1-5  and  1-6.  Figure 
l-5(a)  shows  that  the  substrate  Fe  concentration  for  an  unannealed  InP:Fe  sample  is  very  uni¬ 
form  to  a  depth  of  about  2.5  /im  into  the  wafer.  Upon  annealing  at  800°C,  however,  Fig¬ 
ure  1  -5(b)  clearly  shows  a  deep  (~  5000  A)  Fe  depletion  zone  similar  to  that  reported  in  the 
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Figure  1-5.  SIMS  profiles  of  Fe  in  semi-insulating  InP:Fe  for  (a)  an  annealed  substrate  and  (b)  a  substrate 
annealed  at  800° C  for  30  min  with  a  Si3N4  encapsulant. 


5 


CONCENTRATION  (atoms/cc) 


DEPTH  (|jm)  DEPTH  (pm) 

(c)  (d) 


Figure  1-6.  SIMS  profiles  of  Ti  and  Hg  in  semi-insulating  InP:Ti:Hg  for  (a)  and  (c),  an  unannealed  substrate, 
and  (b)  and  (d),  a  substrate  annealed  at  800°  C  for  30  min  with  a  Si3N4  encapsulant. 
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literature.6’7  We  do  not,  however,  observe  the  expected  Fe  accumulation  region  at  the  surface 
but  can  only  surmise  that  for  this  temperature  and  time,  most  of  the  Fe  diffused  out  through  the 
surface  and  into  the  layer.  In  contrast,  Figure  1-6  shows  before  and  after  annealing  charac¬ 

teristics  of  the  Ti  and  Hg  atomic  concentrations  in  InP:Ti:Hg  wafers.  It  is  readily  apparent  that, 
except  for  a  slight  increase  in  the  near-surface  concentrations,  there  is  virtually  no  change  in 
either  the  Ti  or  Hg  doping  level  during  high-temperature  annealing.  These  measurements  confirm 
Brandt’s10  proposal  that  the  diffusivity  of  Ti  in  InP  would  be  much  lower  than  that  of  Fe. 

Preliminary  results  on  the  electrical  activation  of  low-dose  (6  X  1012  cm*2)  400-keV  Si+ 
implants  performed  at  room  temperature  are  illustrated  in  Figure  1-7.  These  samples  were 
annealed  in  a  tungsten-halogen-lamp  rapid-thermal-annealing  (RTA)  system  using  a  capless 
enhanced-overpressure  proximity  (EOP)11  technique  at  temperatures  between  800  and  900°  C  for 
10  s.  The  sheet-carrier  concentration  Ns  and  sheet  mobility  fis  were  obtained  on  specially  pre¬ 
pared  samples  by  Hall-effect  measurements.  For  Fe-doped  InP,  both  Ns  and  degrade  dramati¬ 
cally  as  the  annealing  temperature  is  increased.  Possible  explanations  for  this  behavior  include 
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Figure  1-7.  Sheet-carrier  concentration  and  mobility  vs  EOP- RTA  anneal  temperature  for  InP:Fe  and 
lnP:Ti:Hg  samples  implanted  with  6  X  1012  cm- 2  of  400-keV  S*  at  room  temperature. 
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the  formation  of  compensating  defects  due  to  preferential  phosphorus  evaporation12  or  surface 
accumulation  of  compensating  Fe  acceptors.  In  InP:Ti:Hg,  however,  both  Ns  (2.5  X  1012  cm-2) 
and  /Lts  (2200  cm2/V-s)  remain  relatively  constant  with  increasing  annealing  temperature.  This 
type  of  behavior  is  normally  expected  in  good  quality  substrates. 

Although  our  SIMS  measurements  did  not  indicate  the  formation  of  an  Fe  surface  accumu¬ 
lation  layer  for  30-min  annealing,  it  is  most  probable  that  a  significant  amount  of  Fe  remains  at 
the  surface  after  rapid  thermal  annealing  because  the  Fe  does  not  have  time  to  completely  diffuse 
out  through  the  surface.  Also,  since  all  samples  were  annealed  under  identical  conditions,  phos¬ 
phorus  loss  alone  cannot  account  for  the  large  discrepancy  between  the  lnP:Fe  and  InP:Ti:Hg 
electrical  data.  It  is  therefore  believed  that  the  decrease  of  Ns  and  /lxs  for  Fe-doped  substrates  is 
caused  by  compensation  due  to  the  migration  of  Fe  acceptors  to  the  surface  during  rapid  thermal 
annealing.  Conversely,  the  relative  electrical  stability  of  Ns  and  /lxs  observed  in  InP:Ti:Hg  is  a 
direct  result  of  the  atomic  thermal  stability  of  Ti  and  Hg.  Additional  SIMS  study  and  Hall  mea¬ 
surements  are  required  to  accurately  assess  the  atomic  dopant  profiles  and  electrical  activation  of 
various  doses  of  Si+-implanted  InP:Fe  and  InP:Ti:Hg  substrates  which  are  annealed  under  capped 
or  capless  RTA  conditions. 

In  summary,  we  have  demonstrated  that  Ti  redistribution  in  semi-insulating  InP  is  signifi¬ 
cantly  less  than  that  of  Fe  under  identical  annealing  conditions.  Additionally,  it  is  proposed  that 
the  atomic  thermal  stability  of  Ti  and  Hg  is  directly  responsible  for  the  improved  electrical  acti¬ 
vation  of  low-dose  Si+-implanted  InP:Ti:Hg  under  RTA  conditions. 

J.D.  Woodhouse 
G.W.  Iseler 
J.P.  Donnelly 

1.3  WAFER  FUSION  BY  MASS  TRANSPORT:  A  NEW  TECHNIQUE 
FOR  MONOLITHIC  INTEGRATION 

We  report  promising  initial  results  of  an  experiment  in  which  mass  transport  was  used  to 
fuse  together  two  InP  wafers.  This  technique  can  potentially  open  up  entirely  new  ways  for 
monolithic  integration  and  make  possible  a  new  array  of  optoelectronic  devices. 

Fusion  of  compound  semiconductor  crystals  by  mass  transport  was  previously  observed  in 
buried-heterostructure  laser  fabrication,  in  which  totally  undercut  mesas  were  fused  back  onto  the 
substrate.  However,  to  realize  fusion  of  the  entire  wafer,  very  close  contact  must  be  main¬ 
tained  between  the  two  mating  surfaces  over  the  entire  wafer  dimension.  This  is  because  mass 
transport  relies  on  surface  energy  as  the  driving  force  and  the  gap  to  be  filled  must  be  very  small 
for  complete  fusion  to  occur  at  reasonable  temperatures  and  time  periods.1^15  In  the  present 
work,  a  technique  has  been  developed  to  achieve  such  close  contact.  Two  InP  wafers  were  fused 
face-to-face  across  the  entire  9-mm  wafer  width. 

A  reactor  has  been  designed  which  can  press  the  wafers  together  at  elevated  temperatures. 

As  illustrated  in  the  transverse  cross-sectional  view  in  Figure  1-8,  the  reactor  consists  of  a  graph¬ 
ite  container  assembly  which  fits  inside  a  cylindrical  quartz  container.  Thus,  when  the  reactor  is 
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Figure  1-8.  Schematic  drawing  of  the  transverse  cross-sectional  view  of  the  wafer-fusion  reactor.  The  actual 
device  has  an  overall  diameter  of  2.5  cm  and  a  length  (in  the  direction  perpendicular  to  the  page)  of  4  cm. 


heated  to  a  high  temperature,  it  can  result  in  a  strong  compression  for  the  wafer  pair  inside  due 
to  the  differential  thermal  expansion  of  quartz  and  graphite,  whose  linear  thermal  expansion 
coefficients  are  0.5  X  and  9  X  10~6  K_l,  respectively.16  Since  the  semiconductor  wafers  become 
more  flexible  at  elevated  temperatures,  the  compression  further  forces  the  two  surfaces  to  con¬ 
form  to  each  other  and  produces  a  very  close  contact,  even  if  these  surfaces  were  originally 
slightly  curved. 

In  each  experiment,  two  polished  InP  wafers  of  (100)  orientation  were  nearly  perfectly 
cleaved  to  closely  fit  the  9  X  15-mm  slot  in  the  graphite  container  and  to  enable  precise  crystal¬ 
lographic  alignment.  The  wafer  pair  were  then  test  loaded  in  the  graphite  container  to  precisely 
determine  the  thickness  of  the  graphite  shim  in  order  that  the  entire  assembly  could  closely  fit  in 
the  quartz  container.  The  reactor  was  subsequently  baked  without  the  wafers  at  approximately 
850°  C  in  a  purified  H2  flow.  Meanwhile,  mesa  stripes  of  approximately  500-jxm  width  on 
1016-/im  centers  were  etched  in  one  of  the  two  wafers  for  use  as  markers.  The  wafers  were  then 
thoroughly  cleaned,  lightly  etched  and  loaded  into  the  baked  reactor  with  the  polished  surfaces 
facing  each  other.  The  graphite  container  was  tilted  so  that  the  good  cleaved  edges  were  gravita¬ 
tionally  pulled  against  the  graphite  sidewall.  After  an  initial  N2  and  H2  purging,  mass  transport 
was  carried  out  in  a  PH3  (5  percent)  and  H2  flow  at  approximately  850° C  for  18  h  (overnight). 
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(a) 


WAFER  1 


WAFER  2 


(b) 


Figure  1-9.  Optical  micrographs  showing  (a)  the  cleaved  cross  section  of  the  fused  wafer  and  (b)  the  magni¬ 
fied  view  of  a  fused  region.  In  (a),  the  long  cavities  between  the  fused  regions  are  etched  regions  in  one  of  the 
original  wafers.  In  the  fused  region  in  (b),  two  small  cavities  can  be  seen  (near  center  and  left  edge  of  the 
photograph). 
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After  mass  transport,  the  two  wafers  were  fused  together  and  could  be  cleaved  just  like  one 
single  wafer.  Examination  of  the  cleaved  cross  section  using  optical  and  scanning  electron  micro¬ 
scopes  showed  fusion  across  the  entire  9-mm  wafer  width  except  for  the  etched  regions,  as  shown 
in  Figure  l-9(a).  In  the  fused  regions,  no  signs  of  the  original  interface  could  be  seen,  except  for 
some  occasional  cavities  which  are  approximately  spherical  with  diameters  less  than  2  jxm  and 
roughly  50  fim  apart  [Figure  l-9(b)].  These  cavities  are  probably  due  to  roughness  or  waviness  in 
the  original  wafer  surfaces  and  can  probably  be  reduced  by  using  better  polished  wafers. 

A  relatively  high  temperature  was  used  in  this  initial  experiment  for  an  easy  observation  of  the 
phenomenon.  With  a  good  compression  mechanism  to  maintain  a  very  close  contact  between 
wafers,  fusion  can  likely  be  achieved  at  considerably  lower  temperatures.  In  addition,  by  using  a 
similar  reactor  design,  wafers  can  probably  be  fused  side  by  side,  along  the  cleaved  facets.  More 
work  is  needed  to  refine  the  fusion  techniques  and  to  evaluate  the  fused  wafers. 

Z.L.  Liau 
D.E.  Mull 


1.4  MASS  TRANSPORT  OF  GalnP 

We  report  experiments  on  the  mass  transport  of  Gating  5P  lattice  matched  to  GaAs.  The 
successful  mass  transport  of  the  material  reported  here  has  significance  for  two  reasons.  First, 
a  route  is  now  open  for  the  application  of  the  mass-transport  fabrication  technology  to  GaAs- 
based  devices.  The  mass  transport  of  InP  has  led  to  the  development  of  InGaAsP/InP  buried- 
heterostructure  (BH)  lasers  and  surface-emitting  laser  arrays.17  Also,  microlens  arrays  of  InP  and 
GaP  have  been  fabricated  using  mass  transport  of  these  compounds.18  Application  of  this  tech¬ 
nology  to  AlGaAs/GaAs  has  not  been  achieved  because  of  the  reactivity  of  AlGaAs  alloys. 
Second,  this  represents  the  first  use  of  alloy  semiconductor  mass  transport  as  a  fabrication  tool. 

It  demonstrates  that  the  ratio  of  column  III  elements  in  the  alloy  can  be  preserved  during  the 
transport,  a  process  which  has  been  explained  by  surface  diffusion  of  indium  and  gallium. 

A  preliminary  experiment  was  first  performed  on  GalnP  mesas.  A  3-/xm-thick  layer  of 
GalnP  was  grown  by  liquid  phase  epitaxy  (LPE)  on  a  (OOl)-oriented  GaAs  substrate  at  750°C. 
Mesa  stripes  2  fim  high  and  6  fim  wide  were  etched  into  the  GalnP  layer.  After  a  heat  treatment 
of  5  h  at  780° C  in  a  H2/PH3  ambient,  it  was  observed  that  the  sharp  mesa  edges  had  rounded 
and  there  was  considerable  smoothing  of  the  chemically  etched  valleys  between  mesas.  The 
smooth  morphology  of  the  mass-transported  material  was  a  strong  indication  that  the  alloy  com¬ 
position,  lattice  matched  to  GaAs,  had  been  maintained. 

Next,  an  undoped  double  heterostructure  (DH)  of  GalnP/ GaAs/ GalnP  was  grown  by  or- 
ganometallic  vapor  phase  epitaxy  (OMVPE)  at  650° C  on  a  GaAs  substrate,  oriented  2°  off  (001) 
toward  [011].  The  GaAs  layer  and  GalnP  layers  were  0.1  fim  and  0.8  to  0.9  /im  thick,  respec¬ 
tively.  Mesa  stripes  5.5  /xm  wide  were  etched  to  the  lower  GalnP  layer,  and  then  the  mesa  was 
partially  undercut  by  selective  etching  of  the  GaAs  to  a  1.0-/xm  width.  This  procedure  is  similar 
to  that  used  for  InGaAsP/InP  BH  structures.20  Mass  transport  was  carried  out  at  747° C  for  3  h. 
A  cleaved  cross  section  of  a  BH  mesa  from  this  experiment  is  shown  in  Figure  1-10.  It  is  clear 
that  the  GalnP  has  transported  to  partially  fill  the  undercut  mesa  and  has  enclosed  the  GaAs. 
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Figure  l- 10.  Scanning  electron  micrographs  of  cleaved  GalnP/  GaAs  DH  structure  with  etched  mesas  before 
(top)  and  after  ( bottom )  mass  transport.  There  is  a  slight  magnification  difference  between  the  two  pictures. 


For  the  Final  experiment,  a  heterostructure  was  used  which  differed  from  that  above  in  two 
respects.  First,  the  structure  had  the  heavy  doping  of  a  typical  laser  structure,  and  second,  a  p- 
type  GaAs  contact  layer,  with  an  associated  GalnP  cover,  was  added.  On  an  n-type  GaAs  sub¬ 
strate,  off  orientation  as  above,  in  order,  a  l-/zm-thick  n-type  GalnP  cladding  layer,  a  OA-pm- 
thick  undoped  GaAs  layer,  a  1-jxm-thick  p-type  GalnP  cladding  layer,  a  0.2-jxm-thick  p-type 
GaAs  contacting  layer,  and  a  0.3-^m  thick  p-type  GalnP  cap  layer  were  grown  by  OMVPE.  Sil¬ 
icon  and  Zn  were  used  as  dopants  in  the  epilayers  and  the  substrate  at  concentrations  of  approx¬ 
imately  1  X  1018  atoms/cm3.  Two  mass-transport  steps  were  used  with  this  structure.  First,  the 
contacting  GaAs  was  buried  in  stripe  form,  and  second,  the  GaAs  active  layer  was  buried  as  in 
the  earlier  experiment.  From  past  experience  with  exposed  InGaAsP  layers  during  InP  mass 
transport,  it  was  expected  that  an  exposed  GaAs  contact  layer  would  seriously  complicate  the 
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surface  chemistry  and  transport.  By  covering  the  contact  layer  this  was  prevented,  and  after  the 
second  mass-transport  step,  selective  etching  was  used  to  expose  the  GaAs  for  metallization.  The 
success  of  this  experiment  demonstrates  the  feasibility  of  applying  the  mass-transport  fabrication 
technique  to  GalnP/GaAs  lasers. 

From  studies  of  the  mass-transport  phenomenon,19  it  is  believed  that  transport  of  GalnP  involves 
the  dissociation  and  diffusion  of  Ga  and  In.  Since  rates  for  these  processes  are  likely  to  be  quite 
different  for  each  type  of  atom,  it  is  at  first  surprising  that  the  ternary  alloy  can  transport  and 
still  maintain  its  stoichiometry.  However,  because  relatively  small  numbers  of  free  atoms 
(«1  monolayer)  are  involved  in  the  process,  their  populations  are  easily  altered  by  a  slight 
deviation  of  the  composition  of  the  regrown  material  from  that  of  the  eroded  material.  This  read¬ 
ily  offsets  the  differences  in  diffusion  and  dissociation  rates  and  maintains  the  stoichiometry. 
However,  if  the  alloy  contains  more  than  one  column  V  element,  it  is  unlikely  to  maintain  stoi¬ 
chiometry  unless  the  vapor  pressures  of  these  elements  can  be  maintained  at  the  needed  ratio. 

In  conclusion,  it  is  worth  noting  that  if  the  mass-transport  fabrication  capabilities,  well 
demonstrated  for  InP-based  lasers,  are  applied  to  existing  GalnP/GaAs  technology,  significant 
improvements  in  performance  of  GaAs  lasers  are  expected.  For  example,  with  reported  thresh¬ 
old  current  densities21  and  the  1-  to  2-/Ltm  stripe  width  capability  of  mass-transport  fabrication, 
threshold  currents  less  than  100  jjlA  should  be  possible,  which  would  be  a  5X  reduction  over 
existing  AlGaAs/GaAs  technology.  Such  diodes  would  have  reduced  capacitance  with  projected 
modulation  frequencies  in  excess  of  25  GHz,  more  than  a  2X  improvement  over  existing 
AlGaAs/GaAs  laser  diodes.  Furthermore,  GalnP  mass  transport  may  also  be  applicable  to  short- 
wavelength  (visible)  lasers  based  on  the  GalnAsP/GaAs  system. 

S.H.  Groves 
Z.L.  Liau 
S.C.  Palmateer 

1.5  EXTERNAL  CAVITY  OPERATION  OF  InGaAsP  DIODE  LASER  ARRAYS 

Interest  in  coherently  combining  the  output  of  individual  elements  of  diode  laser  arrays  has 
been  high  in  recent  years  because  of  the  potential  for  producing  narrow,  high-power  beams.  Sev¬ 
eral  successful  efforts  in  AlGaAs/GaAs  lasers  have  been  reported  using  both  diffraction  coupling 
and  external  cavity  schemes.22-25  However,  in  the  longer-wavelength  InGaAsP/ InP  system,  only 
on-chip  coupling  schemes  have  resulted  in  coherent  operation.26  Here,  we  report  the  first  observa¬ 
tion  of  coherent  phase  locking  of  an  InGaAsP  laser  array  using  an  external  cavity. 

The  experimental  device  was  a  monolithic  five-element  linear  array  of  edge-emitting,  buried- 
heterostructure  InGaAsP  lasers  fabricated  by  mass  transport.27  Because  the  entire  array  was 
driven  in  parallel  from  a  single  source  (CW  or  pulsed),  the  array  was  chosen  on  the  basis  of  uni¬ 
formity  of  the  threshold  current  values  of  its  elements.  (The  uniformity  requirement  might  be 
relaxed  if  individual  contacts  to  each  laser  were  used.)  One  facet  of  the  laser  chip  was  antireflec- 
tion  (AR)  coated  with  thermally  evaporated  SiO  (thickness  =  1800  A,  refractive  index  =  1.8)  to 
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eliminate  lasing.  An  array  of  InP  microlenses  also  fabricated  by  mass  transport  was  used  to  col¬ 
limate  the  output  of  the  diode  lasers.  Figure  1-11  shows  a  photograph  of  the  lenslets  and  an 
example  of  their  image-forming  capability.  Earlier  evaluation  of  similar  lenslets  using  a  single 
diode  laser  as  a  point  source  yielded  nearly  diffraction-limited  performance.28  The  microlens  spac¬ 
ing  was  127  ^m,  designed  to  match  the  laser  array  center-to-center  spacing;  the  diameter  of  the 
lenslets  was  also  127  pm  and  the  focal  length  was  130  pm,  yielding  ~f/l.  Because  of  the  small 
focal  spot  and  depth  of  focus  of  these  f/ 1  lenslets,  alignment  between  the  laser  and  microlens 
arrays  required  accuracy  on  the  order  of  a  few  microns.  It  was  accomplished  using  a  fine-control 
alignment  stage  that  incorporates  mechanical  and  piezoelectric  (PZT)  manipulators  to  achieve  the 
three  translational  and  three  angular  degrees  of  freedom  required  to  align  two  points  on  two 
planes.  This  entire  assembly  was  mounted  on  PZT  gimbals  and  translation  stages  that  allowed 
the  assembly  to  be  aligned  to  the  optical  axis  of  the  external  cavity. 

MASS  TRANSPORTED  f/1  LENSLET  ARRAY 
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Figure  1-11.  (a)  Optical  micrograph  of  mass-transported  two-dimensional  microlens  array,  (h)  Images  formed 

by  the  microlenses. 
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A  schematic  block  diagram  of  the  elements  in  the  external  cavity,  as  well  as  the  diagnostic 
optics,  is  shown  in  Figure  1-12.  Initial  alignment  of  the  cavity  elements  was  carried  out  by  means 
of  an  external  He-Ne  laser  and  pinholes  placed  in  front  of  the  cavity  objectives  and  mirror. 
Reflection  of  the  He-Ne  beam  from  the  laser  chip  facet,  which  was  made  coincident  with  the 
incoming  beam  by  proper  positioning  of  the  laser-lenslet  assembly,  was  then  used  to  align  the 
external  optics  and  spectrometer.  A  near-field  image  of  the  collimated  laser  array  was  used  to 
obtain  coarse  alignment  with  the  lenslets,  while  recovery  of  the  original  lasing  threshold  current 
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Figure  1-12.  Schematic  of  external-cavity  elements  and  diagnostic  optics. 

by  adjustment  of  the  location  and  angle  of  the  external  mirror  also  indicated  that  fine  alignment 
of  laser  and  lenslet  arrays  had  been  obtained. 

To  monitor  the  operation  of  the  lasers  in  the  external  cavity,  a  portion  of  the  main  beam 
was  split  off,  away  from  the  optical  axis,  and  sampled  with  a  detector.  With  this  setup,  the  effect 
on  the  array  output  of  blocking  the  external  mirror  could  be  observed.  Figure  1-13  shows  the 
light  vs  current  (LI)  characteristics  with  the  external  mirror  blocked  and  unblocked.  This  mea¬ 
surement  indicates  that  at  least  one  element  is  operating  above  laser  threshold  due  to  feedback 
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Figure  1-13.  Light-current  characteristics  of  laser  array  with  and  without  feedback  from  the  external  mirror. 
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Figure  1-14.  Far-field  patterns  (a)  and  (c)  and  spatially  resolved  spectra  (b)  and  (d)  of  the  external  cavity 
output,  (a)  and  (b)  incoherent  operation ,  (c)  and  (d)  coherent  operation  of  four  elements  with  spatial  filter  in 
cavity. 


from  the  external  mirror.  It  is  necessary  to  observe  the  near-field  image  to  determine  which  devi¬ 
ces  are  actually  lasing.  By  optimizing  the  external  mirror  and  lenslet  alignments,  all  the  elements 
in  the  array  could  be  made  to  exhibit  external-cavity  operation. 

The  far-field  pattern  and  spatially  resolved  spectrum  of  the  output  beam  with  the  cavity  in 
this  configuration  is  shown  in  Figures  1-  14(a)  and  l-14(b).  The  width  of  the  peak  in  the  far-field 
pattern  is  13  mrad  and  corresponds  to  a  122-/xm  aperture,  which  is  close  to  the  effective  diameter 
of  a  single  lenslet.  This  width  and  the  different  mode  patterns  evident  in  the  spectrum  indicate 
that  the  devices  are  lasing  independently  from  each  other.  It  is  also  clear  from  the  spectrum  that 
four  of  the  five  devices  have  similar  sets  of  modes,  while  the  fifth  element  is  quite  different.  This 
is  consistent  with  the  near-field  image  which  shows  a  weaker  output  from  the  fifth  device.  Coher¬ 
ent  operation  can  be  achieved  by  inserting  a  spatial  filter  in  the  middle  of  the  two  cavity  objec¬ 
tives.  A  suitable  spatial  filter  is  one  that  allows  the  energy  in  the  central  lobe  to  pass  through 
and  be  reflected  by  the  external  mirror  while  blocking  light  that  will  not  contribute  to  that  mode. 
In  this  case,  a  single  vertical  wire,  placed  between  the  two  cavity  objectives  but  displaced  from 
the  optical  axis  of  the  cavity,  was  used.  Its  effect  on  the  far-field  pattern  and  spatially  resolved 
spectrum  is  shown  in  Figures  1  -14(c)  and  l-14(d).  The  far-field  pattern  now  exhibits  clearly 
defined  lobes,  the  width  of  which  is  3.2  mrad  and  corresponds  to  an  aperture  of  490  /um, 
which  is  equivalent  to  ~4  devices.  It  can  be  seen  that  the  single-element  far-field  pattern  [Fig¬ 
ure  l-14(a)]  is  the  envelope  function  of  the  multilobed  pattern  [Figure  1-  14(c)].  Since  the  fill- 
factor  of  the  lenslet  array  is  less  than  100  percent,  the  presence  of  more  than  one  lobe  is  to  be 
expected.  In  fact,  by  calculating  the  effective  lens  area  of  the  lenslet  wafer,  including  the  less- 
than-ideal  edges  of  the  lenslets,  a  71  percent  fill-factor  is  obtained.  This  is  in  moderately  good 
agreement  with  the  value  of  65  percent  obtained  from  measuring  the  area  under  the  central  lobe 
in  the  far-field  pattern.  The  energy  in  the  sidelobes  can  be  incorporated  into  the  main  lobe  by 
demonstrated  binary-optics  techniques.^9  With  the  spatial  filter  in  place,  the  spatially  resolved 
spectrum  shows  only  one  predominant  mode  for  the  four  lasers.  The  dim  modes  still  present, 
especially  in  the  spectrum  of  the  strongest  element,  are  below  threshold.  These  results  indicate 
that  the  four  lasers  are  phase-locked  and  operating  coherently  in  the  external  cavity.  As  expected, 
both  the  far-field  pattern  and  spatially  resolved  spectrum  are  very  sensitive  to  the  position  of  the 
wire;  better  depth  of  modulation  in  the  far-field  and  a  single-mode  spectrum  might  be  obtained 
by  using  a  slit  rather  than  a  wire  as  the  spatial  filter. 

In  summary,  coherent  operation  of  an  InGaAsP  laser  array  operating  at  A  =  1.3  jum  has 
been  observed  for  the  first  time  using  a  collimating  InP  lenslet  array  and  a  spatial  filter  in  an 
external  cavity.  A  multilobed,  but  narrow,  far-field  pattern  corresponding  to  four  locked  ele¬ 
ments  was  obtained.  The  central  peak  contained  65  percent  of  the  energy,  in  agreement  with  the 
fill-factor  of  the  mass-transported  lenslet  array.  These  results  also  demonstrate  the  high  optical 
quality  of  the  refractive  InP  microlens  arrays.  Work  is  under  way  to  optimize  the  spatial  filter 
and  uniformity  of  the  laser  threshold  currents,  as  well  as  to  extend  this  technique  to  monolithic 
two-dimensional  laser  arrays  to  take  advantage  of  the  two-dimensional  microlens  arrays. 

V.  Diadiuk  J.W.  Caunt 

Z.L.  Liau  R.C.  Williamson 

J.N.  Walpole 
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2.  QUANTUM  ELECTRONICS 


2.1  GAIN-SWITCHED  PULSED  OPERATION  OF  MICROCHIP  LASERS 

Microchip  lasers  are  small  solid  state  lasers  with  typical  cavity  lengths  of  less  than  1  mm.1’2 
The  small  cavity  lengths  lead  to  very  short  cavity  lifetimes,  even  for  cavities  with  high-reflectivity 
mirrors.  As  a  result,  microchip  lasers  are  capable  of  shorter  pulse  operation  than  is  possible  with 
larger-cavity-length  solid  state  lasers. 

Gain-switched  pulses  have  been  obtained  from  three  different  microchip  lasers.  Two  of  the 
microchip  lasers  were  constructed  from  Nd:YAG  (NdxY3_xAl50i2),  cut  and  polished  to  a  thick¬ 
ness  of  750  /nm.  One  had  a  0.3  percent  output  coupler;  the  other  had  a  1.3  percent  output 
coupler.  The  opposite  mirror  of  both  lasers  had  a  reflectivity  of  99.9  percent  at  1.064  /nm,  and 
transmitted  the  pump.  The  third  gain-switched  microchip  laser  used  LNP  (LiNdP4Oi2)  and  had  a 
140-Mm  cavity  length  and  a  1.3  percent  output  coupler.  Again,  the  other  mirror  had  a  reflectivity 
of  99.9  percent  at  the  lasing  wavelength  (1.048  /urn)  and  transmitted  the  pump. 

The  microchip  lasers  were  pumped  with  a  pulsed  Ti:Al203  laser.  The  output  of  the  Ti:Al203 
laser  was  a  train  of  40-ns  pulses  at  a  5-kHz  repetition  rate,  with  a  time-averaged  power  of 
1 80  mW.  When  the  Ti: A12C>3  laser  was  tightly  focused  onto  the  microchip  lasers,  the  microchip 
lasers  produced  a  train  of  short  pulses.  The  pump  was  then  defocused  until  each  pump  pulse 
produced  one  output  pulse.  At  that  point  the  temporal  and  spectral  profile  of  the  microchip 
pulse  was  measured. 

The  output  of  the  microchip  lasers  was  observed  with  a  fast  photodetector  connected  to  an 
oscilloscope  and  with  a  linear  diode  array  at  the  output  of  a  3/4-m  spectrometer.  The  response 
of  the  photodetector  system  was  calibrated  with  a  standard  large-cavity  mode-locked  Nd:YAG 
laser.  The  mode-locked  pulses  had  a  duration  (full  width  at  half-maximum)  of  100  ±20  ps  and 
resulted  in  a  detector  response  with  an  800-ps  duration.  The  spectrometer  system  had  a  0.05-nm 
resolution. 

Under  the  experimental  conditions  described  above,  the  output  pulse  from  the  Nd:YAG 
microchip  laser  with  the  0.3  percent  output  coupler  had  a  typical  duration  of  2.5  ns.  This  value  is 
very  close  to  the  calculated  cavity  lifetime  of  2.3  ns,  which  assumes  that  the  only  sources  of  loss 
in  the  microchip  cavity  are  the  two  mirrors.  The  spectral  measurements  were  instrument  limited, 
showing  that  only  one  longitudinal  mode  of  the  microchip  laser  was  oscillating.  Visual  inspection 
of  the  far-field  pattern  indicated  that  the  laser  was  operating  in  the  TEMqq  mode. 

The  output  pulse  from  the  Nd:YAG  microchip  laser  with  the  1.3  percent  output  coupler 
produced  a  1.2-ns  photodetector  response.  Numerical  deconvolution  of  the  response  to  the  mode- 
locked  laser  from  this  response  resulted  in  the  pulse  shown  in  Figure  2-1,  with  a  duration  of 
800  ps.  This  output  pulse  is  again  comparable  to  the  calculated  microchip  cavity  lifetime  of 
650  ps.  This  microchip  laser  also  operated  in  a  single  longitudinal  and  transverse  (TEMqq)  mode. 
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Figure  2-1.  Deconvolved  output  pulse  of  a  Nd.  YAG  microchip  laser  when  pumped  with  a  40~ns  Ti:Al20 ? 
pulse.  The  microchip  laser  cavity  is  750  pm  long ,  with  a  J. 3  percent  output  coupler. 


It  was  difficult  to  adjust  the  Ti:Al203  laser  so  that  each  of  the  pump  pulses  consistently 
resulted  in  only  one  output  pulse  from  the  LNP  microchip  laser.  It  was  easy,  however,  to  obtain 
trains  of  4  or  5  output  pulses  due  to  relaxation  oscillation  spiking  from  the  microchip  laser,  with 
the  pulses  separated  by  3  to  4  ns.  When  this  was  done,  the  photodetector  response  to  each  of  the 
pulses  was  shorter  than  the  response  to  the  mode-locked  Nd:YAG  pulses,  setting  an  upper  limit 
to  the  pulse  duration  of  120  ps.  This  is  to  be  compared  with  the  calculated  cavity  lifetime  which 
is  also  120  ps.  With  a  shorter  pump  pulse  it  should  be  possible  to  obtain  single  pulses  of  this 
duration  from  the  microchip  laser.  As  in  the  case  of  the  Nd:YAG  microchip  lasers,  the  LNP 
microchip  laser  operated  in  the  TEMqq  mode  and  in  a  single  longitudinal  mode. 

Unlike  mode-locked  pulses,  single  gain-switched  pulses  can  be  generated.  The  experiments 
described  above  demonstrate  that  it  is  possible  to  obtain  very  short,  single-frequency,  gain- 
switched  pulses  from  microchip  lasers.  The  duration  of  the  output  pulse  is  limited  by  the  micro¬ 
chip  cavity  lifetime.  By  decreasing  the  cavity  lifetime,  through  the  use  of  lower  reflectivity  output 
mirrors  or  shorter  cavities,  it  should  be  possible  to  produce  microchip  lasers  with  output  pulses 
of  much  less  than  100  ps.  The  pulsed  capabilities  of  the  microchip  laser,  coupled  with  its  small 
size,  simple  fabrication,  and  compatibility  with  commercially  available  laser  diode  pumps,1  should 
make  it  a  useful  device  for  a  large  range  of  applications,  including  optical  communications. 
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2.2  SUPPRESSION  OF  LASER  SPIKING  BY  INTRACAVITY 
SECOND-HARMONIC  GENERATION 

Many  pulsed  laser  systems  exhibit  pronounced  laser  spiking,  or  relaxation  oscillations,  when 
operated  with  a  long  pulse  length.  This  spiking  is  detrimental  to  several  applications,  including 
medicine  where  fiber-optic  delivery  of  high-energy,  low-power,  pulsed  laser  radiation  is  required, 
and  sum-frequency  mixing  where  the  independent  spiking  of  two  laser  pulses  results  in  low  mix¬ 
ing  efficiency.  The  efficient  suppression  of  laser  spiking,  by  intracavity  second-harmonic  genera¬ 
tion,  in  long-pulse,  pulse-pumped  1.06-  and  1.32-^im  Nd:YAG  lasers  is  reported  here.* 

Laser  spiking  is  caused  by  the  development  of  laser  gain  which  is  much  greater  than  the 
steady-state,  or  threshold,  gain.  The  absence  of  appreciable  stimulated  emission  at  the  start  of 
laser  pumping  allows  the  laser  gain  to  rise  substantially  beyond  the  threshold  gain.  This  initial 
high  gain  leads  to  the  rapid  buildup  of  a  high  radiation  intensity.  The  high  intensity  then  depletes 
the  gain,  which  results  in  a  greatly  reduced  radiation  intensity.  The  low  radiation  intensity  and 
continued  laser  pumping  allow  the  redevelopment  of  high  laser  gain.  This  cycle  of  low  intensity, 
high  gain  followed  by  high  intensity,  low  gain  continues  through  the  rest  of  the  laser  pulse,  with 
a  damping  rate  depending  on  several  factors  including  the  laser  pumping  rate  and  the  laser  cavity 
losses.  The  spiking  behavior  of  a  1.06-/xm  Nd:YAG  laser  is  illustrated  in  Figure  2-2(a).  In  addi¬ 
tion  to  the  initial  spiking,  the  laser  spiking  behavior  is  often  reexcited  during  the  pulse  by  various 
cavity  perturbations  such  as  acoustic  noise. 

Laser  spiking  has  been  of  interest  since  the  development  of  the  ruby  laser  and  has  previously 
been  suppressed  in  ruby  laser  systems  by  the  insertion  of  both  active  and  passive  elements  into 
the  laser  cavity.  Active  suppression  has  been  accomplished  by  high-voltage,  high-speed  negative 
feedback  to  an  intracavity  Pockefs  cell,3  while  passive  suppression  has  been  accomplished  via 
stimulated  Rayleigh  wing  scattering  in  an  intracavity  benzene  cell.4  Laser  spiking  has  also  been 
passively  suppressed  in  neodymium  laser  systems  through  mutually  coupled  Nd:glass  lasers5  and 
notably  through  intracavity  second-harmonic  generation  in  continuously  pumped,  cavity-dumped 
or  mode-locked  1.06-/um  Nd:YAG  lasers.6 

Here  the  suppression  of  laser  spiking  by  intracavity  second-harmonic  generation  is  extended 
to  pulse-pumped  lasers  where  the  spiking  behavior  is  typically  much  more  severe  than  in  contin¬ 
uously  pumped  lasers.  The  laser  spiking  is  suppressed  by  an  intracavity  nonlinear  crystal  which 
more  efficiently  converts  high-intensity  laser  spikes  into  second-harmonic  radiation.  Since  the 
peak  intensity  of  the  initial  laser  spike  is  substantially  reduced,  it  does  not  drive  the  laser  gain  as 
far  below  threshold.  As  a  result  the  laser  spiking  behavior  damps  out  at  a  much  higher  rate  than 
in  the  absence  of  intracavity  doubling  and  the  redevelopment  of  spiking  is  suppressed.  The  sup¬ 
pression  of  laser  spiking  is  shown  in  Figure  2-2(b). 


*  In  a  private  communication,  Peter  Moulton  of  Schwartz  Electro-Optics  disclosed  that  he  has 
also  suppressed  laser  spiking  in  long-pulse  1.064-/um  Nd:YAG  and  1.047-jum  Nd:YLF  lasers  by 
intracavity  second-harmonic  generation. 
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Figure  2-2.  Temporal  profiles  of  160-mJ TEM00>  1.06- pm  laser  pulses  (a)  without  intracavity  second- 
harmonic  generation  and  (b)  with  intracavity  second-harmonic  generation. 


Spiking  was  suppressed  in  a  1.5-m-long,  \.06-pm  laser  cavity,  which  consisted  of  a  40  per¬ 
cent  output  coupler,  a  flash-lamp-pumped  Nd:YAG  rod,  a  beam-expanding  telescope  (for  greater 
mode  filling  of  the  Nd:YAG  rod),  a  dielectric  polarizer,  a  1-cm-long  antireflection-coated  lithium 
iodate  crystal,  and  a  high  reflector  with  a  7-m  radius  of  curvature.  An  intracavity  aperture  re¬ 
stricted  laser  oscillation  to  the  TEMqq  cavity  mode.  The  laser  emitted  160  mJ  per  pulse  at  10  Hz. 
When  phase  matched  the  lithium  iodate  crystal  generated  about  0.8  mJ  of  second-harmonic  radia¬ 
tion  per  pulse.  Thus,  laser  spiking  was  substantially  suppressed  with  less  than  1  percent  loss  of 
the  1.06-jxm  radiation.  Figure  2-3  shows  the  leading  edge  of  the  1.06-jxni  laser  pulse  both  with 
and  without  intracavity  second-harmonic  generation.  Second-harmonic  generation  resulted  in  a 
reduction  of  the  first  laser  spike  by  a  factor  of  3  and  in  nearly  complete  damping  after  the  first 
several  oscillations.  In  addition,  harmonic  generation  nearly  doubled  the  pulse  length  of  the 
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Figure  2-3.  leading  edges  of  1.06- pm  laser  pulses  (a)  without  intracavity  second-harmonic  generation  and  (b) 
with  intracavity  second-harmonic  generation. 
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initial  laser  spike.7  If  needed,  these  first  oscillations  may  be  “clipped”  off  of  the  pulse  by  an 
external  Pockel’s  cell.  The  temporal  profile  of  such  a  clipped  pulse  is  shown  in  Figure  2-4.  This 
pulse  left  the  Pockel’s  cell  with  an  energy  of  150  mJ  and  was  then  amplified  in  a  single-pass 
amplifier  to  an  energy  of  1.1  J. 

The  rate  of  damping  of  laser  spiking  may  be  increased  by  increasing  the  second-harmonic 
conversion  efficiency.  This  may  be  done  in  several  ways,  including  increasing  the  intracavity  radi¬ 
ation  fluence  through  decreased  output  coupling,  using  a  nonlinear  crystal  with  a  high  nonlinear 
coefficient,  and  positioning  the  nonlinear  crystal  at  an  intracavity  beam  waist.  Increased  second- 
harmonic  generation  may  also  be  obtained  through  mode-locking.  When  mode-locked,  the  peak 
power  of  the  laser  radiation  is  increased  and  second-harmonic  radiation  is  generated  with  greater 
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Figure  2-4.  Temporal  profile  of  1.06- pm  spike-suppressed  pulse  after  the  leading  spikes  were  “clipped”  off  by 
an  external  PockeVs  cell  and  the  resulting  150-mJ  pulse  was  amplified  in  a  single-pass  amplifier  to  1.1  J. 


efficiency.  Near  critical  damping  has  been  achieved  as  shown  in  Figure  2-5.  In  this  case,  second- 
harmonic  generation  results  in  a  6  percent  loss  in  1.06-^m  pulse  energy.  In  addition,  the  second- 
harmonic  generation  stretches  the  mode-locked  micropulse  length. 

Similar  spiking  suppression  has  been  obtained  in  a  l.32-pm  Nd:YAG  laser  and  is  illustrated 
in  Figure  2-6.  Again  this  suppression  resulted  in  less  than  1  percent  loss  of  laser  pulse  energy. 

In  conclusion,  intracavity  second-harmonic  generation  results  in  substantial  suppression  of 
laser  spiking  behavior  with  little  loss  in  pulse  energy.  In  addition,  it  is  easy  to  implement  and 
requires  only  minor  mirror  adjustment  in  order  to  reestablish  optimum  laser  power  output,  after 
installation  of  the  nonlinear  crystal. 

T.H.  Jeys 
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Figure  2-5.  Temporal  profiles  of  mode-locked  1.06-fim  laser  pulse  with  intracavity  second-harmonic 
generation . 
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(a) 


(b) 
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Figure  2-6.  Temporal  profiles  of  70-mJ,  T 'EMqq,  1.32-pm  laser  pulses  (a)  without  intracavity  second- 
harmonic  generation  and  (b)  with  intracavity  second-harmonic  generation. 
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2.3  SCALABLE  END-PUMPED  NdrYAG  LASER 


A  pumping  scheme  that  offers  the  potential  for  an  order  of  magnitude  power  scaling  of  end- 
pumped  lasers  has  been  experimentally  demonstrated.  Diffraction-limited  output  with  a  power  of 
520  mW  has  been  obtained  from  an  Nd:YAG  laser  pumped  with  three  diode  laser  arrays. 

The  highest  efficiency  diode-laser-pumped  lasers  with  good  beam  quality  have  been  demon¬ 
strated  using  an  end-pumped  geometry.  However,  end-pumped  lasers  have  been  limited  to  low 
power  because  of  difficulties  in  scaling.  Typically  only  one  or  two  pump  sources  are  simultane¬ 
ously  used  to  excite  the  laser.  Some  techniques  used  to  scale  end-pumped  lasers  include  polariza¬ 
tion  coupling,  higher  power  pump  sources,8  multiple  pump  sources  using  fiber  coupling,9  and 
providing  multiple  “ends”  by  using  many  gain  elements.10  All  of  these  have  their  disadvantages. 
Polarization  coupling  allows  only  a  factor  of  2  increase  in  pump  power.  Using  higher  power 
pump  sources  depends  on  the  development  of  these  sources.  Fiber  coupling  is  inefficient  because 
of  coupling  losses,  and  using  multiple  gain  elements  adds  complexity.  Our  technique  is  simple 
and  takes  advantage  of  the  difference  in  beam  quality  from  the  diode  laser  in  the  planes  perpen¬ 
dicular  and  parallel  to  the  junction. 

Figure  2-7  shows  a  schematic  of  our  experiment  in  the  planes  parallel  and  perpendicular  to 
the  junction  of  the  diode  arrays.  These  diode  arrays  are  from  Spectra  Diode  Laboratories,  SDL- 
2430-C,  and  have  an  output  power  of  500  mW.  Their  output  beams  are  diffraction  limited  in  the 
plane  perpendicular  to  the  junction.  Each  of  these  outputs  is  collimated  by  a  0.4-cm  focal  length 
lens.  The  arrays  are  spaced  1  cm  apart  in  the  plane  perpendicular  to  the  junction.  Focusing  of 
the  pump  radiation  into  the  fundamental  mode  volume  of  an  end-pumped  laser  is  limited  by  the 
beam  quality  of  the  pump  beam.  If  only  a  single  one  of  these  arrays  is  used  for  pumping,  then 
the  25  times  diffraction  limited  beam  quality  in  the  plane  of  the  junction  limits  how  small  a 
volume  can  be  pumped  in  the  gain  medium.  Thus,  as  long  as  the  beam  quality  in  the  orthogonal 
plane  is  less  than  25  times  diffraction  limited,  the  pump  volume  need  not  increase.  Calculations 
show  that  the  output  of  the  three-array  pump  source  shown  in  Figure  2-7  is  less  than  25  times 
diffraction  limited  in  the  plane  perpendicular  to  the  junction.  After  collimation  the  beam  from  a 
single  array  is  nominally  0.4  cm  wide  in  the  plane  perpendicular  to  the  junction.  The  pump  beam 
as  a  whole  in  this  plane  has  the  far-field  diffraction  angle  of  a  single  collimated  array  but  out  of 
an  aperture  that  is  now  about  2.4  cm.  Thus,  the  pump  beam  quality  in  this  plane  is  nominally 
six  times  diffraction  limited. 

The  pump  beam  was  focused  into  a  Nd:YAG  rod  using  cylindrical  optics  since  the  beam  in 
the  two  orthogonal  planes  is  different.  The  Nd:YAG  rod  was  coated  with  a  high  reflector  at 
1.06  fim  on  one  face  and  an  antireflection  coating  on  the  other.  The  output  mirror  has  97.5  per¬ 
cent  reflectivity  at  1.06  jum.  Preliminary  results  are  shown  in  Figure  2-8.  Laser  operation  was 
obtained  with  each  diode  array  operating  separately.  In  each  case  the  output  was  in  a  TEMqq 
mode  and  as  the  pump  source  was  switched  from  one  array  operating  separately  to  another, 
neither  the  laser  cavity  nor  the  focusing  optics  were  realigned.  With  all  three  arrays  operating, 
the  output  was  still  TEMqq  and  we  were  able  to  obtain  nearly  four  times  the  output  power  com¬ 
pared  with  pumping  with  a  single  array. 
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Figure  2-7.  Schematic  of  the  scalable  end-pumped  laser  experiment .  (a)  Plane  perpendicular  to  the  junction, 
(b)  Plane  parallel  to  the  junction. 
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Figure  2-8.  Continuous  wave  output  power  as  a  function  of  input  power  for  the  middle  array  and  all  three 
arrays.  The  output  for  the  other  two  arrays  operating  individually  are  not  shown  for  reasons  of  clarity,  but 
their  output  powers  are  slightly  less  than  the  middle  array. 


Simple  scaling  arguments  indicate  that  over  an  order  of  magnitude  pump  power  increase  in 
the  same  mode  volume  can  be  obtained  using  the  pumping  scheme  of  Figure  2-7  compared  with 
using  a  single  array.  This  technique  thus  allows  higher  pump  intensity  at  the  gain  medium,  which 
is  desirable  for  low-gain,  tunable,  and  quasi-three-level  lasers.11 

T.Y.  Fan 
A.  Sanchez 
W.E.  DeFeo 

2.4  LATERAL-MODE  STRUCTURE  OF  EXTERNAL-CAVITY  DIODE  LASERS 
WITH  RESIDUAL  FACET  REFLECTIVITY 

This  work  is  aimed  at  developing  an  efficient  laser  source  with  high  brightness  by  using  a 
simple,  versatile  external  resonator  of  the  type  shown  in  Figure  2-9  to  provide  spatial  (lateral) 
mode  selection  in  broad-stripe,  high-power  laser  diodes.  In  order  to  ensure  that  the  lateral  modes 
of  the  laser  are  controlled  by  the  external  cavity,  a  good  antireflection  (AR)  coating  is  required 
on  the  front  diode  facet  which  faces  the  output  coupler.  In  this  report,  some  of  the  effects  of  the 
residual  front-facet  reflectivity  on  the  lateral  coherence  of  external-cavity  diode  lasers  are  demon¬ 
strated.  Henceforth,  the  modes  of  the  composite  external-cavity  laser  will  be  referred  to  as  “cavity 
modes,”  and  the  modes  of  the  solitary  diode  as  “diode  modes.”  The  term  “monolithic  modes” 
refers  to  the  diode  modes  in  the  presence  of  weak  feedback  in  the  external  cavity. 
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Figure  2-9.  Schematic  of  the  external-cavity  laser. 


The  relatively  large  internal  loss  that  is  characteristic  of  a  laser  diode  requires  that  the  resid¬ 
ual  front-facet  reflectivity  be  of  the  order  of  10‘2,  for  example,  to  double  the  lasing  threshold  of 
the  solitary  device  when  only  this  facet  has  been  coated.  The  lasers  used  in  this  work  have  high- 
reflection,  rear-facet  coatings  and  AR-coated  front  facets  so  that  their  lasing  thresholds  are  typi¬ 
cally  less  than  twice  their  thresholds  prior  to  coating.  When  high-power,  external-cavity  operation 
is  desired,  as  in  this  work,  either  lower  facet  reflectivity,  or  AR  coating  of  both  facets  is  neces¬ 
sary  to  avoid  parasitic  oscillation  of  the  monolithic  diode  in  the  external  cavity.  If  the  oscillation 
of  high-order  cavity  modes  is  suppressed  such  that  the  lateral  dimension  of  the  external-cavity 
mode  is  smaller  than  the  width  of  the  active  region  of  the  diode,  then  the  gain  will  not  be  satu¬ 
rated  across  the  entire  width  by  the  external-cavity  mode.  Upon  reaching  the  threshold  of  the 
coated,  solitary  diode,  the  laser  will  oscillate  simultaneously  in  the  monolithic  and  cavity  modes. 

A  result  of  this  condition  is  illustrated  in  Figure  2-10  in  which  the  power  vs  current  relationship 
is  shown  for  an  external-cavity  laser  with  an  intracavity  aperture.  The  aperture  (slit)  was  used  to 
select  the  fundamental  lateral  mode  of  the  external  resonator.  Filling  the  central  part  of  the  active 
region.  A  sharp  decrease  in  the  slope  efficiency  of  the  apertured  laser  is  observed  as  the  current 
passes  through  the  threshold  of  the  solitary  diode  (0.8  A).  The  change  occurs  because  the  tails  of 
the  intensity  profiles  of  the  diode  and  cavity  modes  overlap  in  a  region  of  unsaturated  gain  where 
both  can  simultaneously  oscillate.  The  diode  modes  and  cavity  mode  compete  for  gain  in  the 
laser,  thus  depleting  the  available  single-frequency  power  of  the  latter. 

The  overlap  between  the  fundamental  cavity  mode  profile  and  the  gain  profile  is  generally 
insufficient  to  ensure  the  desired  single-mode  operation  without  an  aperture,  when  the  external- 
mirror  feedback  is  centered  in  the  active  region  of  the  diode.  However,  if  the  feedback  is  dis¬ 
placed  to  one  side  of  the  active  region,  the  laser  operates  in  a  single-frequency,  diffraction-limited 
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Figure  2-10.  (a)  Power  vs  current  for  apertured  external-cavity  laser.  The  aperture  permits  single-frequency 

operation  at  currents  up  to  the  threshold Jv  of  a  solitary  diode  indicated  in  the  figure,  (b)  Power  vs  current  for 
same  laser  without  aperture. 


mode  when  biased  below  the  threshold  of  the  monolithic  diode.  We  propose  that  this  alignment 
configuration  favors  the  fundamental  mode  by  increasing  the  relative  losses  of  the  higher-order 
modes  by  absorption  in  the  outermost  part  of  the  mode  profile  which  penetrates  the  unpumped 
regions  of  the  diode  surrounding  the  active  region.  The  output  spectrum  of  the  laser  at  0.6  W  of 
total  power  (1.8  A  of  injected  current)  continues  to  be  dominated  by  the  single-frequency  spec¬ 
trum  of  the  low-power  laser,  as  shown  in  Figure  2-1 1(a).  The  full  spectrum,  shown  in  Fig¬ 
ure  2-1 1(b)  with  less  resolution,  reveals  an  apparent  superposition  of  a  single-frequency  signal  and 
a  broad  hump  characteristic  of  the  solitary  device.  Figure  2-12  shows  a  spatially  resolved  spec¬ 
trum  of  the  near-field  of  the  diode  in  the  displaced-feedback  cavity  configuration.  The  picture  is 
obtained  by  imaging  the  front  facet  of  the  diode  on  the  entrance  slit  of  a  monochromator  from 
which  the  exit  slit  has  been  removed.  The  dispersed  spectrum  in  the  exit  plane  is  reimaged  and 
recorded  using  a  video  camera  and  monitor.  The  figure  clearly  shows  that  the  strong  single¬ 
frequency  component  and  the  hump  of  Figure  2-1 1(b)  originate  from  distinct  regions  of  the 
diode.  A  single-frequency  source  producing  about  0.35  W  could  be  made  by  using  an  aperture 
outside  the  cavity  to  mask  part  of  the  magnified  image  of  the  diode  facet. 
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of  laser  output  showing  strong  single-frequency  signal  from  the  region  of  the  diode  with  strong  feedback ,  and 
broad  hump  originating  from  the  region  of  the  diode  with  weak  optical  feedback. 
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Figure  2-12.  Spatially  resolved  nearfield  spectrum  of  diode  in  external  cavity  with  displaced  feedback.  The 
bright ,  single-frequency  spot  and  the  broad ,  weaker  spectrum  originate  from  distinct  spatial  regions  of  the 
diode. 


In  most  cavities  the  lateral  gain  distribution  across  the  diode  stripe  (i.e.,  the  carrier  density 
profile)  is  generally  flat  relative  to  the  intensity  profile  of  the  fundamental  cavity  mode  across  the 
same  spatial  region.  The  incomplete  spatial  overlap  of  the  gain  profile  and  the  fundamental  mode 
profile  permits  oscillation  of  higher-order  lateral  modes  at  high  powers.  However,  it  is  possible 
for  these  modes  to  oscillate  even  at  low  powers  if  there  is  sufficient  modulation  of  the  gain  spec¬ 
trum  arising  from  the  residual  Fabry-Perot  effects  of  the  monolithic  cavity.  Although  a  coupled¬ 
mode  analysis  is  required  for  a  proper  description  of  the  laser,  we  consider  the  simpler  problem 
of  simultaneously  satisfying  the  boundary  conditions  for  the  short  (diode)  and  long  (external) 
cavity.  The  axial  mode-spacing  of  the  former  is  about  20  times  that  of  the  latter,  for  the 
600-/um-long  diode  in  a  4.5-cm-long  cavity  used  to  obtain  the  data  in  Figure  2-13.  The  coinci¬ 
dence  of  the  diode-  and  cavity-mode  frequencies  at  wavelengths  near  the  maximum  of  the  gain 
spectrum  is  not  generally  assured  in  the  fundamental  lateral  mode  of  the  cavity,  but  is  allowed  by 
the  lateral-mode  dispersion  of  the  cavity.  The  lateral-mode  spacing  of  the  cavity  is  about  half 
that  of  the  axial  modes.  When  the  laser  oscillates  in  more  than  one  lateral  mode  and  at  multiple 
wavelengths  separated  by  the  axial  mode  spacing  of  the  monolithic  diode.  Figure  2-13  shows  that 
each  lateral  mode  is  repeated  at  approximately  regular  intervals  corresponding  to  four  to  five 
axial  diode-mode  spacings.  There  is  one  lateral  mode  associated  with  each  longitudinal  diode 
mode.  The  regular  repetition  of  each  lateral  mode  is  consistent  with  the  simultaneous  occurrence 
of  two  resonant-mode  spacings  (i.e.,  that  of  the  diode  and  that  of  the  external  cavity),  resulting 
in  a  low-“frequency”  (large-interval)  beat  with  a  period  of  four  longitudinal  diode-mode  spacings. 
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Figure  2-13.  Spatially  resolved  nearfield  spectrum  of  diode  in  external  cavity  with  insufficient  mode  selectiv¬ 
ity  resulting  from  residual  Fabry- Perot  effects.  Each  lateral  mode  repeats  at  regular  intervals  corresponding  to 
about  four  axial  diode-mode  spacings.  Many  lateral  modes  have  similar  net  gain. 


We  have  shown  some  of  the  limitations  imposed  by  the  residual  reflectivity  of  antireflection 
coatings  on  the  performance  of  high-power,  wide-stripe,  external-cavity  diode  lasers.  We  have 
also  demonstrated  a  0.35-W,  single-frequency  source,  even  with  these  limitations.  Laser  brightness 
is  limited  by  parasitic  oscillation  of  the  monolithic  diode  in  the  external  cavity  and  modulation  of 
the  gain  spectrum  of  the  laser  from  residual  Fabry-Perot  effects  of  the  diode.  The  latter  may 
cause  many  high-order  lateral  modes  to  have  the  same  net  gain,  that  is,  larger  than  that  of  the 
desired  fundamental  mode. 


W.F.  Sharfin 
A.  Mooradian 
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3.  MATERIALS  RESEARCH 


3.1  DETERMINATION  OF  MBE  GROWTH  RATE  BY  DIGITAL  SIGNAL 

PROCESSING  OF  TIME-DEPENDENT  RHEED  INTENSITY  DATA 

The  examination  of  images  formed  by  in  situ  reflection  high  energy  electron  diffraction 
(RHEED)  is  one  of  the  most  useful  tools  for  the  analysis  of  growth  by  molecular  beam  epitaxy 
(MBE).1  Static  RHEED  images,  obtained  when  growth  is  interrupted,  yield  detailed  information 
on  surface  reconstruction.  Analysis  of  dynamic  RHEED  images,  obtained  as  growth  is  taking 
place,  can  be  employed  to  determine  epitaxial  growth  rates.  This  method  is  applicable  because 
epitaxial  growth  causes  a  variation  in  surface  roughness  on  the  atomic  scale  that  under  favorable 
conditions  produces  well-defined  oscillations  in  the  RHEED  intensity  whose  period  is  the  time 
required  for  the  growth  of  one  complete  monolayer.2  Frequently,  however,  the  conditions 
required  for  optimum  epitaxial  growth  do  not  yield  oscillations  that  are  sufficiently  obvious  to 
permit  the  period  to  be  obtained  directly  from  plots  of  intensity  vs  time.  We  are  developing  a 
technique  that  uses  digital  signal  processing  methods  to  extract  the  period  from  RHEED  data 
obtained  under  such  conditions. 

The  new  technique  has  been  used  to  analyze  data  obtained  during  the  growth  of  GaAs  epi- 
layers  in  a  Varian  Gen  II  MBE  system  equipped  with  a  standard  10-keV  electron  gun  and  dia¬ 
metrically  opposite  phosphor  RHEED  screen.  A  TV  camera  transfers  the  RHEED  image  to  a 
Colorado  Video  Model  321  video  analyzer  and  a  TV  monitor.  Any  pixel  of  the  video  image  can 
be  selected  for  analysis.  A  voltage  signal  proportional  to  the  intensity  of  this  pixel  is  transmitted 
from  the  analyzer  to  an  X-Y  recorder  with  a  time  base  and  also  to  a  digital  voltmeter.  The  volt¬ 
meter  samples  the  incoming  signal  at  rates  between  30  and  70  samples/ s  and  produces  a  digital 
output  that  is  transferred  via  an  IEEE-488  bus  to  a  desktop  computer  for  processing.  A  commer¬ 
cial  software  package  was  used  in  developing  the  data  acquisition  and  analysis  routines. 

In  this  study,  the  following  conventional  procedure  has  generally  been  employed  in  obtaining 
the  RHEED  oscillation  data.  A  thin  epitaxial  GaAs  layer  is  first  grown  on  a  (100)  GaAs  sub¬ 
strate.  Growth  is  then  interrupted  momentarily  by  closing  the  shutter  on  the  Ga  source  while 
keeping  the  As  shutter  open  to  maintain  an  As-stabilized  surface.  A  pixel  is  selected  on  one  of 
the  streaks  of  the  pattern  generated  by  RHEED  diffraction  in  a  fixed  azimuthal  direction,  and 
collection  of  intensity  data  is  initiated.  Growth  is  resumed  by  reopening  the  Ga  shutter,  continued 
for  a  predetermined  interval,  and  again  interrupted  by  closing  the  Ga  shutter.  Data  collection  is 
terminated  at  some  later  time  while  only  the  As  shutter  is  open. 

Figure  3-1  is  a  recorder  trace  of  voltage  vs  time  that  was  obtained  for  a  run  in  which  the 
growth  conditions  were  optimized  for  obtaining  well-defined  RHEED  oscillations.  (The  voltage 
plotted  is  not  linearly  related  to  the  pixel  intensity,  since  the  video-analyzer  signal  has  been 
offset  by  a  dc  bias  supplied  by  the  recorder.)  Opening  the  Ga  shutter  produces  an  abrupt 
change  in  intensity,  which  is  followed  by  a  large  number  of  distinct  oscillations  that  decay  in 
amplitude  with  time.  When  the  Ga  shutter  is  closed,  the  intensity  again  changes  rapidly  to 
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Figure  3-1  RHEED  signal  V5  time  for  growth  of  GaAs  on  (100)  GaAs  substrate. 


Figure  3-2  RHEED  signal  vs  time  for  growth  of  GaAs  on  inferior  (100)  GaAs  substrate. 
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Figure  3-3  Power  spectrum  obtained  by  digital  signal  processing  of  RHEED  data 
for  experiment  of  Figure  3-2. 


approximately  the  initial  value,  and  no  further  oscillations  are  observed.  The  average  frequency 
determined  from  the  time  required  for  the  first  17  oscillations  is  0.879  Hz,  which  corresponds 
to  a  growth  rate  of  0.894  /xm/h,  since  the  height  of  a  (100)  GaAs  monolayer  is  half  the  lattice 
constant  (a0  =  0.56533  nm). 

Figure  3-2  is  a  recorder  trace  obtained  on  another  day  for  growth  under  similar  conditions 
but  on  a  GaAs  substrate  of  inferior  quality.  In  this  case  the  oscillations  are  so  weak  and  indis¬ 
tinct  that  the  frequency  cannot  be  determined  by  inspection  of  the  recorder  trace.  However,  we 
have  been  able  to  extract  the  frequency  by  applying  our  signal  processing  technique  to  the  digital 
voltmeter  data  stored  in  the  computer.  The  voltmeter  sampling  rate  was  first  determined  by 
dividing  the  total  measurement  time  by  the  number  of  samples.  Next  a  baseline  correction  was 
performed  to  compensate  for  the  long-term  nonperiodic  variation  in  the  signal.  Finally  a  power 
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spectrum  was  obtained  by  fast  Fourier  transform  analysis.  This  spectrum,  which  is  shown  in  Fig¬ 
ure  3-3,  contains  a  dominant  peak  at  0.860  Hz,  corresponding  to  a  growth  rate  of  0.875  jxm/h. 
The  good  agreement  between  this  value  and  the  growth  rate  determined  from  Figure  3-1  is  evi¬ 
dence  for  the  validity  of  the  signal  processing  technique,  since  the  growth  rate  of  GaAs  under  the 
conditions  employed  in  the  two  experiments  is  primarily  determined  by  the  Ga  flux,  which  was 
nominally  the  same  in  both  cases.  As  further  evidence  for  the  validity  of  the  signal  processing 
technique,  excellent  agreement  is  obtained  when  both  this  technique  and  the  inspection  method 
can  be  applied  to  the  results  of  the  same  growth  experiment.  For  example,  the  growth  rate 
determined  by  the  signal  processing  technique  for  the  experiment  of  Figure  3-1  is  0.887  pm/h, 
which  agrees  to  within  1  percent  of  the  value  obtained  by  inspection. 

G.W.  Turner 
B.A.  Nechay 
S.J.  Eglash 
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4.  SUBMICROMETER  TECHNOLOGY 


4.1  OPTICAL  PROPERTIES  OF  FUSED  SILICA  EXPOSED  TO  193-nm  RADIATION 
FROM  AN  EXCIMER  LASER 

High-purity,  synthetic  fused  silica  is  the  material  of  choice  for  varied  optical  applications  in 
the  UV,  ranging  from  lens  components  for  photolithography1  to  beam  delivery  systems  in  medi¬ 
cal  instrumentation.2  It  is  important  to  understand  the  radiolytic  processes  which  lead  to  long¬ 
term  alteration  of  the  optical  characteristics  of  this  material.  Several  recent  studies3-7  have  shown 
that  the  high  peak  power  of  pulsed  UV  lasers  is  frequently  sufficient  to  induce  various  changes  in 
the  atomic  arrangement  of  a-Si02  by  nonlinear  optical  processes.  In  particular,  it  has  been  found 
that  point  defects  (as  evidenced  by  color  centers),  similar  to  those  created  by  ionizing  radiation,8 
can  be  formed  by  excimer  lasers  operating  at  193  and  248  nm.3>5"7  The  mechanism  for  formation 
of  these  color  centers  by  low-quantum-energy  radiation  remains  poorly  understood.  Here  we 
report  studies  of  the  formation  of  color  centers  in  bulk  fused  silica  following  prolonged  irradia¬ 
tion  at  193  nm.  In  addition  we  have  found  a  stress-induced  birefringence  effect  traced  to  radio¬ 
lytic  compaction  of  the  solid. 

Our  study  has  emphasized  high-water-content  synthetic  fused  silica.  Our  own  studies  at 
193  nm  and  previous  studies5  at  248  nm  have  shown  these  to  be  the  least  damage  prone  of  the 
commercially  available  fused  silicas.  Commercially  available  samples  ('—1000  ppm  OH)  were  irra¬ 
diated  with  an  ArF-excimer  laser.  The  laser  was  typically  operated  with  a  collimated  0.8-cm- 
diam.  beam  at  a  pulse  repetition  rate  of  100  Hz.  The  pulse  duration  was  23  ns.  The  samples  were 
2.5-cm-diam.,  1.3-cm-thick  polished  discs.  During  irradiation  the  fused  silica  samples  were  kept  in 
an  enclosure  which  was  continuously  purged  with  dry  N2  in  order  to  prevent  surface  reaction 
caused  by  organic  contaminants  and  by  the  ozone  generated  in  air.  The  absence  of  measurable 
surface  effects  was  also  confirmed  by  post-irradiation  etchback  of  the  surfaces  of  several  samples. 

The  transmission  of  the  samples  at  193  nm,  as  well  as  any  visible  fluorescence,  was  moni¬ 
tored  in  situ.  Following  exposure,  a  UV  transmission  spectrum  of  the  irradiated  volume  was 
recorded  and  corrected  for  reflective  and  absorptive  losses  using  the  unexposed  areas  of  the  same 
sample. 

Two  different  permanent  optical  effects  are  observed.  One  is  the  appearance  of  absorption  in 
the  UV  (see  Figure  4-1)  in  the  form  of  two  bands,  the  more  intense  centered  around  215  nm,  and 
the  weaker  at  —260  nm.  The  215-nm  band  has  been  previously  correlated  with  the  E'  defect 
which  is  a  positively  charged  oxygen  vacancy.9  In  addition  to  these  absorptions,  193-nm  irradi¬ 
ation  creates  a  birefringent  annular  zone  observed  using  632.8-nm  light,  which  extends  from  the 
edge  of  the  laser  spot  several  millimeters  outward  (see  inset  in  Figure  4-1).  As  discussed  below, 
this  birefringence  is  attributed  to  mechanical  stress10  caused  by  irradiation-induced  macroscopic 
volume  changes.  In  agreement  with  theory11  the  transmitted  light  intensity  when  the  sample  is 
viewed  between  crossed  polarizers  is  proportional  to  sin2(20)  where  0  is  the  angle  between  the 
in-plane  projection  of  the  optic  axis  and  the  direction  of  polarization  of  either  polarizer.  The 
magnitudes  of  the  absorption  and  birefringence  effects  are  strongly  correlated.  Both  the  215-nm 
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Figure  4-1.  Absorption  spectrum  of  high- OH  fused  silica,  induced  by  pulsed  irradiation  at  193  nm.  The 
spectrum  has  been  corrected  for  reflective  and  absorptive  losses  in  unexposed  areas  of  the  same  sample.  The 
inset  shows  the  spatial  distribution  of  transmitted  632.8-nm  light  when  the  fused  silica  sample  was  placed 
between  two  crossed  linear  polarizers.  The  nonzero  transmission  is  caused  by  stress  birefringence  in  an  annular 
area  surrounding  the  excimer  laser  spot. 


absorption  coefficient  and  the  stress  (which  is  proportional  to  the  square  root  of  the  633-nm 
transmission  through  crossed  polarizers)  increase  quadratically  with  increasing  fluence.  For  a 
fixed  fluence,  they  increase  linearly  with  the  number  of  pulses  (at  least  initially,  see  below).  In 
addition,  as  shown  in  Figure  4-2,  both  show  a  qualitatively  similar  strong  dependence  on  the 
sample  temperature  during  irradiation  (up  to  ~100°C). 

Above  ~100°C  the  two  curves  in  Figure  4-2  start  diverging.  The  215-nm  peak  is  partially 
annealed  at  temperatures  above  100° C  and  (not  shown)  is  reduced  to  a  level  within  ~2  percent 
of  its  initial  value  at  ~350°C.  On  the  other  hand,  the  irradiation-induced  birefringence  shows  no 
appreciable  annealing  to  temperatures  of  ~150°C  and,  in  fact,  retains  more  than  10  percent  of  its 
initial  value  even  at  temperatures  above  600° C. 

Furthermore,  the  two  effects  are  additionally  distinguished  in  their  responses  during  post¬ 
formation  photobleaching  experiments.  A  typical  result  is  illustrated  in  Figure  4-3.  Here,  a  pre¬ 
viously  unirradiated  sample  was  exposed  to  relatively  high  fluences  (50  mJ  cm-2/ pulse).  Initially, 
the  birefringence  and  the  color  center  absorption  increase  linearly  with  the  number  of  pulses,  as 
mentioned  above,  and  after  ~106  pulses  they  increase  sublinearly,  at  approximately  similar  rates. 
The  sample  was  then  irradiated  at  lower  fluence  (12  mJ  cm'2/ pulse).  The  birefringence  remains 
unchanged,  or  increases  slightly,  whereas  the  215-nm  absorption  is  substantially  bleached. 
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Figure  4-2.  Variation  of  absorption  coefficient  at  215  nm  (E‘  centers)  and  the  stress  birefringence  (square  root 
of  induced  633-nm  transmission)  with  sample  temperature  during  193-nm  irradiation.  The  measurements  were 
performed  at  room  temperature.  Exposure  conditions  were  17  mj  cm'2 / pulse  and  1.4  X  l(f  pulses  at  100  Hz. 


The  nature  of  the  birefringence-causing  stress  was  determined  by  applying  radially  an  exter¬ 
nal  compressive  stress  to  the  sample.  With  this  compensating  external  stress  the  irradiation- 
induced  birefringence  can  be  completely  eliminated.  We  conclude  that  the  unexposed  areas  are 
under  tensile  stress,  apparently  caused  by  radiation-induced  compaction  of  the  exposed  volume. 

Furthermore,  the  increase  in  the  density  of  the  exposed  area  is  accompanied  by  a  change  in 
the  index  of  refraction.  This  was  shown  when  a  fused  silica  prism  was  irradiated  at  193  nm  along 
its  axis,  while  its  index  of  refraction  at  633  nm  was  continuously  monitored  at  right  angles  to  the 
excimer  beam.  A  permanent  increase  in  index  of  up  to  ~5  X  10~5  was  measured.  This  increase  is 
related  to  the  compaction  and  not  to  the  color  centers,  as  it  remains  unchanged  even  after  partial 
(~40  percent)  bleaching  of  the  color  centers.  Note  the  behavior  of  the  birefringence  in  Figure  4-3 
which  also  remains  unchanged  upon  bleaching.  We  conclude  that  there  are  two  separate  effects, 
both  stemming  from  the  same  radiolytic  process  but  ultimately  represented  by  separate  physical 
changes  in  the  solid.  The  first  resides  as  E '-center  absorbers;  the  second  is  an  unidentified  matrix 
alteration  leading  to  compaction  and  the  index  change. 

The  band  gap  of  a-SiC>2  is  ~9  eV,  while  the  photon  energy  at  193  nm  is  6.4  eV.  Neverthe¬ 
less,  our  work  and  several  other  recent  studies,-^-”7  clearly  indicate  that  subband  gap  radiation 
can  couple  energy  into  fused  silica  and  cause  formation  of  point  defects.  The  coupling  mechanism 
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Figure  4-3.  Effect  of  irradiation  history  on  the  215-nm  absorption  coefficient  and  the  633-nm  stress  bire¬ 
fringence.  Three  regimes  are  noted:  (i)  a  linear  increase  at  high  (50  mJ  cm'2 /pulse)  fluence,  up  to  ~ 10 6 
pulses;  (ii)  a  sublinear  increase  at  the  high  fluence  for  the  next  ~1.5  X  106  pulses;  and  (iii)  partial 
bleaching  but  no  change  in  birefringence  upon  reducing  the  fluence  to  12  mJ  cm  2 / pulse. 


is  apparently  a  two-photon  absorption  process,  as  evidenced  by  the  quadratic  dependence  on 
laser  fluence.  It  has  been  suggested  that  the  E'  centers  can  be  created  by  a  radiolytic  process 
involving  nonradiative  relaxation  following  two-photon  creation  of  excitons.9  Since  the  efficiency 
of  nonradiative  relaxation  is  expected  to  increase  with  increasing  temperature,  this  model  is  also 
consistent  with  the  temperature  dependence  of  E'  center  formation  in  Figure  4-2.  The  fact  that 
the  degree  of  compaction  increases  in  proportion  with  the  density  of  E'  centers  indicates  that  the 
rate-limiting  step  for  both  is  the  nonradiative  relaxation  of  excitons.  A  possible  model  was  sug¬ 
gested  in  Reference  4  according  to  which  compaction  is  related  to  rearrangement  of  strands  of 
SiC>4  tetrahedra. 

The  two-photon  absorption  coefficient  at  193  nm  is  (Reference  12)  ~2  X  10"3  cm/ MW. 

Thus,  the  density  of  E'  centers  generated  in  one  23-ns  pulse  is  5pE'  «4X  1016  r;4>2  cm'3,  where 
<f>  is  the  fluence  (J  cm-2/ pulse)  and  77  is  the  efficiency  of  E'-center  formation  per  pair  of  absorbed 
photons.  Our  optical  data  do  not  yield  absolute  values  of  pE',  but  rather  with  the  aid  of 
Smakula’s  formula,13  the  product  (Spg')^  can  be  calculated  where  </>  is  the  oscillator  strength  of 
the  215-nm  absorption  band:  (Sp^O^  ***  3  X  1011  <I>2  cm-3.  Therefore,  we  deduce  77^  ~  7.5  X  10"6. 

Comparison  of  our  absorbance  data  with  values  of  pE'  generated  under  similar  experimental 
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conditions  and  measured  with  electron  spin  resonance  techniques6  yields  </>  0.01.  Hence 

rj  «  7.5  X  10-4  for  our  stoichiometric,  high-OH  material.  This  value  is  considerably  (~3  times) 
smaller  than  the  value  of  rj  measured  for  oxygen-deficient,  low-OH  silica.7  The  degree  of  compac¬ 
tion,  defined  as  the  fractional  change  Sp/p  in  the  bulk  density  of  fused  silica,  was  also  deter¬ 
mined.  Assuming  accepted  values  for  Young’s  modulus  and  the  coefficient  of  birefringence  at  633 
nm,10  we  find  that  Sp/p  «  9  X  10'22  pE'.  Since  in  our  studies  pE'  is  as  high  as  5  X  1017  cm-3, 
Sp/p  may  exceed  4  X  10‘5.  This  value  is  also  consistent  with  the  observed  changes  in  index  of 
refraction.*  Note  that  the  above  relationship  between  5p  and  pE'  holds  only  as  long  as  no  ther¬ 
mal  or  photobleaching  of  the  E'  centers  occurs.  In  the  more  general  case  Sp/p  can  be  expected  to 
be  higher  than  the  value  implied  by  pE',  because  it  persists  even  when  pE'  is  reduced,  as  demon¬ 
strated  in  Figures  4-2  and  4-3. 

The  E'  centers  are  apparently  formed  in  a  radiolytic  process  as  mentioned  above,  and  they 
are  also  removed  in  a  photoinduced  process.  The  removal  step  manifests  itself  as  the  sublinear 
behavior  and  the  bleaching  in  Figure  4-3.  The  data  in  Figure  4-3  suggest  that  the  removal  is 
caused  by  one-photon  absorption  at  193  nm,  and  that  its  rate  is  proportional  to  the  density  pE\ 
The  rate  of  bleaching  and,  independently,  the  asymptotic  value  of  the  215-nm  absorbance,  can  be 
used  to  determine  an  efficiency  of  bleaching,  per  absorbed  photon.  From  our  data  we  find 
rjf  «  10*6.  The  fact  that  bleaching  is  at  all  possible  suggests  that  the  upper  state  of  the  electronic 
transition  of  the  E'  center  is  embedded  in  the  continuum  of  conduction  states.  The  low  value  of 
r]\  on  the  other  hand,  indicates  that  the  matrix  elements  coupling  this  upper  state  with  the  con¬ 
tinuum  are  small.14  The  exact  nature  of  the  bleaching  effect  is  still  unclear.  In  particular,  it 
remains  to  be  determined  whether  bleaching  transforms  E'  centers  into  another  defect  or  whether 
it  restores  the  original  perfect  network  arrangement. 

In  conclusion,  193-nm  irradiation  of  high-OH  fused  silica  causes  formation  of  E'  centers  and 
macroscopic  volume  changes  (compaction)  via  two-photon  absorption  and  exciton  relaxation. 
Neither  effect  anneals  at  room  temperature  for  over  a  year.  The  compaction  is  accompanied  by 
birefringence  and  changes  in  index  of  refraction,  and  the  E'  center  formation  by  absorption  in 
the  UV.  We  have  shown,  by  varying  substrate  temperature  during  irradiation,  that  the  efficiency 
of  formation  of  E'  centers  can  be  controlled,  apparently  by  controlling  the  lifetime  of  the  exci- 
tons.  Photobleaching  at  193  nm  was  also  demonstrated.  These  results  have  direct  implications  pn 
the  design  and  mode  of  operation  of  optical  components  intended  to  be  used  in  the  deep  UV. 

M.  Rothschild 
T.J.  Pack 
D.J.  Ehrlich 
L.J.  Belanger 


*  The  index  of  refraction  of  fused  silica  depends  on  the  total  volume  change  as  well  as  on  the 
change  in  the  partial  volume  occupied  by  the  oxygen  ions.  The  relative  contributions  of  the  two 
causes  vary  with  the  nature  of  the  process  that  induces  the  changes  (see  Reference  10).  Our 
results  indicate  that  in  laser-induced  compaction  the  major  contribution  is  that  of  an  overall 
volume  change. 
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4.2  FABRICATION  OF  REGROWTH  FIELD  EFFECT  TRANSISTOR  TEST  STRUCTURES 
BY  ELECTRON  BEAM  LITHOGRAPHY 

The  critical  process  step  during  the  fabrication  of  regrowth  field  effect  transistors  (RFETs)  is 
the  growth  of  high-quality  GaAs  through  a  pattern  of  submicrometer  lines  that  act  as  the  gates 
of  the  transistor.  The  crystal  quality  of  the  overgrown  layer  depends  on  the  orientation  of  the 
lines  relative  to  the  crystalline  orientation  of  the  GaAs  substrate.  Normally,  the  grating  for  the 
gate  is  exposed  using  x-ray  lithography.  The  holographically  produced  x-ray  mask  has  a  large 
area  grating  with  a  single  orientation  and  line-space  ratio.  We  have  designed  a  “fan”  test  struc¬ 
ture  which  allows  characterization  of  overgrowth  for  many  different  line  orientations  in  a  single 
growth  step.  Because  of  its  ability  to  pattern  submicrometer  features  at  any  angle,  a  JEOL  JBX- 
5DII  electron  beam  lithography  system  was  used  as  the  patterning  tool,  and  patterns  were  formed 
by  writing  directly  on  the  substrate,  bypassing  the  x-ray  lithography  step. 

Figure  4-4  shows  a  schematic  of  the  “fan”  structure,  which  consists  of  sets  of  five  lines 
spaced  450  nm  apart,  arrayed  at  3  deg  intervals.  To  simulate  currently  used  RFET  gratings  as 
closely  as  possible,  the  exposed  lines  of  the  gratings  were  designed  to  be  270  ±  20  nm  wide  after 
development.  The  structures  are  large  (3X6  mm)  to  allow  cleaving  after  overgrowth. 

The  grating  fabrication  is  shown  in  Figure  4-5.  A  multilayer  structure  [Figure  4-5(a)]  is 
formed  on  a  p-type  GaAs  substrate  by  first  CVD  depositing  a  280-nm-thick  Si02  layer,  then  elec¬ 
tron  beam  evaporating  70  nm  of  tungsten,  followed  by  CVD  deposition  of  an  additional  230  nm 
of  Si02.  After  being  patterned,  the  three  layers  will  form  the  gate  structure  which  will  then  be 
overgrown  with  GaAs.  A  200  nm  polymethyl  methacrylate  (PMMA)  layer  is  spun  on  as  the  elec¬ 
tron  beam  resist.  The  pattern  was  written  in  the  PMMA  layer  with  a  25  kV  electron  beam  and 
wet-developed  in  a  mixture  of  40  percent  methylisobutylketone  and  60  percent  isopropanol.  As 
shown  in  Figure  4-5(b),  a  50-nm  layer  of  pure  nickel  is  then  e-beam  evaporated  over  the  entire 
surface.  A  liftoff  with  an  acetone  solvent  is  performed  [Figure  4-5(c)],  leaving  behind  a  nickel 
pattern  which  acts  as  a  reactive  ion  etch  mask.  After  the  sample  is  cleaned  in  organic  solvents 
and  in  a  helium-oxygen  plasma,  it  is  etched  at  250  W  in  a  CF4  plasma  [Figure  4-5(d)],  which 
etches  away  the  unprotected  layers  in  just  over  95  min.  Clear  channels  to  the  substrate  (which 
acts  as  the  seed  crystal)  through  which  GaAs  can  be  grown  are  the  result. 

The  electron  beam  patterning  was  the  most  difficult  step  to  perfect.  Initial  attempts  to  pat¬ 
tern  the  PMMA  used  single  passes  of  a  250-nm  electron  beam  within  a  1500-jum-square  writing 
field.  Because  the  pattern  was  larger  than  1500  /im,  eight  separate  writing  fields  were  stitched 
together  by  moving  the  stage  after  each  field  was  written.  This  introduced  discontinuities  in  the 
pattern,  but  since  all  the  lines  have  unbroken  stretches  at  least  1500  fi m  long  such  imperfections 
were  not  considered  significant.  Unfortunately,  astigmatism  in  the  electron  beam  could  not  be 
entirely  eliminated,  and  an  approximately  ellipsoidal  spot  was  the  result.  Figure  4-6  shows  how 
an  astigmatic  beam  produces  lines  of  different  widths  at  different  angles.  The  design  goal  of 
270  ±  20  nm  could  not  be  met,  and  in  some  cases  lines  at  certain  angles  were  not  clearly 
resolved. 
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Figure  4-4.  Layout  of  the  “fan”  test  pattern.  The  details  of  each  radial  line  cluster  are  shown  in  the  inset. 


The  importance  of  beam  stigmation  was  reduced  by  using  a  40-nm  spot  in  place  of  the 
250-nm  spot  and  by  tracing  the  features  with  multiple  passes  of  the  beam.  Linewidth  control 
improved  dramatically,  as  did  the  resist  profiles  which  are  critical  for  successful  liftoff.  Unfortu¬ 
nately,  electron  beam  size  and  the  size  of  the  writing  field  are  connected.  While  the  original 
250-nm  beam  could  be  used  in  a  1500-jum-square  field,  the  40-nm  beam  could  only  be  used  with 
a  150-jum-square  field.  As  a  result,  the  number  of  stage  steps,  and  therefore  the  number  of  dis¬ 
continuities  in  the  pattern  rose  by  a  factor  of  100. 

With  the  potential  for  breaks  every  150  jum,  the  magnitude  of  such  breaks  had  to  be  mini¬ 
mized.  Figure  4-7(a)  shows  a  field-stitching  discontinuity  obtained  with  the  40-nm  spot  and  a 
150-jum  field  of  view.  The  lines  at  the  top  of  the  micrograph  are  separated  from  those  in  the  bot¬ 
tom  by  70  nm,  and  they  are  misaligned  by  50  nm.  Note  the  poor  quality  of  the  resist  pattern  in 
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Figure  4-5.  Cross-sectional  views  illustrating  the  process  for  making  RFET  gratings:  (a)  initial  multilayer 
stack,  (b)  after  e-beam  patterning  and  nickel  evaporation,  (c)  after  liftoff,  and  (d)  after  reactive-ion  etching . 
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Figure  4-6.  Effect  of  an  astigmatic  (ellipsoidal)  spot  on  the  line  width  produced  when  an  electron  beam  is 
scanned  at  different  angles.  In  addition  to  the  purely  geometric  effect  illustrated  here,  the  dose  per  unit  area  is 
changed,  affecting  the  developed  width  of  the  line. 


the  lower  half  of  the  photo,  indicating  that  the  beam  was  defocused  at  its  maximum  deflection. 
To  improve  on  these  results,  the  writing  field  was  further  reduced  from  150  pm  to  100  pm.  Fig¬ 
ure  4-7(b)  shows  the  marked  improvement,  both  in  positioning  and  in  image  quality.  The  overlap 
error  is  reduced  to  about  40  nm  while  the  line  placement  errors  are  under  25  nm. 

Additional  improvements  were  made  by  using  different  electron  doses  for  each  of  the  five 
lines.  Figure  4-8  shows  the  resulting  fully  optimized  structure  after  the  nickel  liftoff  step.  Note 
that  the  over/ underlap  error  has  been  eliminated  and  that  the  stitching  errors  are  all  less  than 
10  nm.  These  structures  are  now  being  used  in  overgrowth  experiments  and  are  proving  helpful 
in  optimizing  growth  parameters. 

C.L.  Dennis 
T.M.  Lyszczarz 
K.B.  Nichols 
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Figure  4-7.  Effect  of  field  size  on  the  stitching  accuracy  and  lithographic  quality  of  exposed  features: 
(a)  150- pm  field  and  (b)  100- pm  field. 
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Figure  4-8.  Nickel  pattern  produced  by  liftoff  after  electron  beam  exposure,  showing  the  quality  of  stitching 
at  a  field  boundary. 
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5.  MICROELECTRONICS 


5.1  RESONANT-TUNNELING  OSCILLATORS  UP  TO  420  GHz 

We  have  recently  obtained  the  highest  oscillation  frequencies  to  date  in  resonant-tunneling 
diodes,  and  have  found  the  results  to  be  consistent  with  a  new  impedance  model  of  the  device. 
The  experimental  results  shown  in  Figure  5-1  were  obtained  with  a  diode  consisting  of  two 
1.1-nm-thick  undoped  AlAs  barriers  separated  by  a  4.5-nm-thick  undoped  GaAs  quantum  well. 
The  doping  profile  outside  of  the  double-barrier  region  is  given  in  Figure  5-2.  The  profile  on  the 
cathode  side  is  intended  to  achieve  as  high  an  electron  concentration  as  possible  without  contam¬ 
inating  the  tunneling  region  with  ionized  donors.  Previous  experience  has  shown  that  donor  con¬ 
centrations  exceeding  Nq=  1  X  1018  cm-3  degrade  the  peak-to-valley  ratio  significantly  when  de¬ 
posited  adjacent  to  the  first  heterojunction.  A  donor  concentration  of  ND  =  2  X  1017  cm-3  is  used 
over  the  first  100  nm  on  the  anode  side  of  the  structure.  Most  of  this  region  is  depleted  at  the 
bias  voltage  for  peak  resonant-tunneling  current. 


Figure  5-1.  Experimental  and  theoretical  power  for  a  4- pm- diameter  diode .  The  quantities  f  RCL  and  fRC  are 
maximum  oscillation  frequencies  calculated  from  the  equivalent  circuit  shown  in  the  inset.  This  circuit  includes 
the  differential  conductance  G,  the  diode  capacitance  C,  the  quantum-well  inductance  LqW,  and  the  series 
resistance  R ^ 
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Figure  5-2.  Cross-sectional  schematic  view  of  the  GaAs/ AlAs  wafer  used  to  fabricate  diodes  that  oscillated 
up  to  420  GHz. 


The  I-V  curve  for  a  4-jxm-diam.  device  is  shown  in  Figure  5-3.  The  peak  current  density  of 
this  device,  Jp  =  1.5  X  105  A  cm-2,  is  much  greater  than  that  of  a  previous  device1  which  oscil¬ 
lated  up  to  200  GHz,  Jp  =  4  X  104  A  cm-2.  However,  the  peak-to-valley  ratio  is  lower  for  reasons 
that  are  not  yet  understood.  The  wafer  was  diced  into  very  small  (~  100  X  100  pm)  chips  that 
were  mounted  into  a  series  of  resonators  covering  the  frequency  range  from  about  2  GHz  to  over 
400  GHz.  Both  the  power  and  frequency  of  the  oscillations  from  the  highest  frequency  (WR-2 
waveguide)  resonator  were  determined  by  feeding  the  radiation  out  of  the  waveguide  into  free 
space,  and  then  transmitting  the  radiation  through  a  Fabry-Perot  cavity  and  into  a  liquid-helium- 
cooled  composite  bolometer.  The  highest  observed  frequency  of  oscillation  was  420  GHz,  and  the 
power  at  this  frequency  was  about  0.2  /uW.  It  should  be  mentioned  that  this  was  an  exceptional 
result.  All  of  the  other  devices  tested  in  the  WR-2  cavity  either  oscillated  in  the  range  310  to 
370  GHz  or  did  not  oscillate  at  all.  We  attribute  the  420  GHz  result  to  an  unusually  low  ohmic 
contact  resistance,  which  can  occur  in  highly  localized  spots  for  alloyed  Ni/Ge/Au  contacts. 

The  theoretical  oscillation  power  shown  in  Figure  5-1  was  derived  by  a  large-signal  analysis 
of  the  equivalent  circuit  shown  in  the  inset.  This  circuit  includes  the  differential  conductance  G, 
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Figure  5-3.  Experimental  current-voltage  curve  (solid  and  dotted)  and  the  theoretical  curve  (dashed)  for  a 
representative  4-pm-diam.  diode  at  room  temperature.  The  chair -like  structure  of  the  experimental  curve  is 
caused  by  self-detection  of  oscillations. 


the  diode  capacitance  C,  the  frequency-dependent  series  resistance  Rg,  and  a  new  element  Lq^ 
called  the  “quantum-well  inductance. ”  Physically,  this  inductance  represents  a  temporal  delay  of 
conduction  current  with  respect  to  ac  voltage,  an  effect  that  is  intrinsic  to  coherent  resonant¬ 
tunneling.  Near  the  center  of  the  negative  differential  conductance  region,  it  can  be  shown 
that  LqW  =  tj/G  where  tj  is  the  quasibound  ground-state  lifetime.2  Using  this  circuit,  we 
find  the  theoretical  oscillation  power  for  the  present  device  approaches  zero  at  the  frequency 
fRCL  =  476  GHz.  For  comparison  we  also  show  the  corresponding  frequency  fR£  =  670  GHz  that 
would  apply  in  the  absence  of  quantum-well  inductance  (i.e.,  in  the  limit  rj  =  0).  These  two  fre¬ 
quencies  are  maxima  with  respect  to  all  values  of  G  that  occur  in  the  negative  differential  con¬ 
ductance  region  of  the  stable  (i.e.,  not  oscillating)  I-V  curve  in  Figure  5-3.  In  the  present  struc¬ 
ture  both  frequency  maxima  occur  at  the  most  negative  value  of  G,  which  is  -58  mS  at  a  bias 
voltage  of  0.67  V.  The  capacitance  used  in  this  calculation  was  obtained  from  the  numerical  solu¬ 
tion  to  the  Poisson  equation.  The  result  at  0.7  V  is  C  =  18.5  fF.  LqW  is  calculated  using  a  G 
obtained  from  the  stable  I-V  curve  and  a  rx  obtained  from  tx  ='fi/r1,  where  Tj  is  full  width  at 
half-maximum  of  the  transmission  probability  T*T  function.  The  result  for  the  1.1-nm-thick  AlAs 
barriers  is  tx  =  0.1 1  ps.  Finally,  R$  was  calculated  to  be  4  fl  at  dc  and  about  6  fl  at  600  GHz. 
This  assumes  an  ohmic  contact  resistance  of  R^  =  1  X  10~7  O  cm2,  a  low  value  that  is  consistent 
with  measurements  of  the  best  ohmic  contacts  using  our  current  technology. 

A  change  in  the  present  device  structure  that  would  definitely  increase  the  speed  is  a  reduc¬ 
tion  in  the  series  resistance.  For  example,  a  frequency-independent  R§  of  2  fl  would  increase 
fRCL  to  about  1.1  THz  for  G  -  G^^x  — 58  mS.  This  value  of  resistance  is  obtained  by  including 
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only  ohmic-contact  and  undepleted-epilayer  contributions,  and  neglecting  all  spreading  resistance 
effects.  It  might  be  realized  in  the  GaAs  material  system  with  a  planar,  interdigitated-contact 
geometry  that  separates  the  cathode  and  anode  ohmic  contacts  by  a  few  micrometers  at  most. 
Another  possible  way  to  enhance  the  speed  would  be  to  decrease  rj  by  thinning  the  barriers.  Of 
course,  this  enhancement  can  occur  only  if  the  peak-to-valley  ratio  remains  high  enough  so  that 
the  I-V  curve  provides  the  required  magnitude  of  negative  conductance.  To  quantify  this,  we  have 
calculated  fRCL  as  a  functi°n  of  G  assuming  r j  =  0.05  ps,  which  is  the  theoretical  value  for 
0.85-nm-thick  (3  atomic  layers)  AlAs  barriers.  The  result  is  fRCL=  1.4  THz  for  G  =  -98  mS. 
Obviously,  such  a  high  magnitude  of  conductance  is  not  realizable  in  the  present  structure,  and 
would  probably  not  ensue  from  a  thinning  of  the  AlAs  barriers.  However,  it  would  be  quite  pos¬ 
sible  in  the  In0 ^Gao  47  As/  AlAs  material  system  which  has  recently  yielded  a  room-temperature 
peak-to-valley  ratio  of  23:1  and  peak-current  density  of  3.2  X  104  A  cm*2  for  2.5-nm-thick  AlAs 
barriers.3  The  T-point  conduction  band  offset  between  AlAs  and  InQ ^Gao  47As,  including  the 
effect  of  lattice  mismatch,  is  only  about  20  percent  higher  than  the  offset  between  AlAs  and 
GaAs.  Thus,  identical  atomic-layer-values  of  the  barrier  and  well  thickness  should  yield  roughly 
the  same  r j  in  the  two  material  systems.  Furthermore,  it  is  expected  that  the  InGaAs  system 
should  facilitate  the  proposed  decrease  in  because  it  promises  much  lower  values  of  specific- 
contact  resistance  and  undepleted-epilayer  resistivity  than  presently  exist  in  GaAs. 

E.R.  Brown  W.D.  Goodhue 

T.C.L.G.  Sollner  C.L.  Chen 

C.D.  Parker 

5.2  OBSERVATION  OF  OPTICALLY  PUMPED  INTERSUBBAND  EMISSION 
FROM  QUANTUM  WELLS 

There  is  growing  interest  in  new  devices  based  on  confined  states  in  quantum  wells.  Optical 
transitions  between  subbands  are  of  special  interest  because  they  can  be  tuned  over  most  of  the 
far-  and  mid-infrared  spectrum.  Spontaneous  emission  from  transitions  between  subbands  in  iso¬ 
lated  quantum  wells  has  been  observed  by  Helm  et  al.4  by  electrically  heating  the  electrons.  We 
report  here  the  first  observation  of  radiative  intersubband  transitions  by  optically  excited  carriers 
in  a  quantum-well  structure. 

Our  work  utilizes  the  subband  splitting  inherent  in  coupled  quantum  wells  (CQW).  In  a 
symmetric  coupled-well  system,  each  state  of  the  uncoupled  well  is  split  into  two  subbands,  a 
symmetric  subband  and  an  antisymmetric  subband,  the  latter  with  slightly  higher  energy.  Inter¬ 
subband  transitions  only  occur  between  subbands  of  opposite  parity  and  only  for  light  polarized 
with  the  electric  field  parallel  to  the  direction  of  confinement. 

Our  n-type  GaAs/AlGaAs  CQW  structure  is  similar  to  that  presented  previously.5  The  GaAs 
quantum  wells  are  approximately  8.5  nm  thick,  and  the  center  AlGaAs  coupling  barriers  are 
approximately  2.2  nm  thick.  Barriers  of  30-nm  thickness  separate  the  30  CQWs.  These  dimen¬ 
sions  have  been  confirmed  by  transmission  electron  microscopy.  From  Auger  analysis,  the  alumi¬ 
num  fraction  of  all  barriers  is  about  50  percent.  The  major  change  from  the  previous  structure 
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is  that  the  doping  is  limited  to  a  sheet  of  Si  in  each  confining  barrier  2.0  nm  from  the  inter¬ 
face  with  the  quantum  well.  Hall  measurements  at  77  K  show  an  electron  sheet  density  of 
1.1  X  1012  cm'2  in  each  coupled  well  and  a  mobility  of  2.7  X  104  cm2/V-s. 

We  have  calculated  energy  levels,  wave  functions,  and  transition  probabilities  for  this  struc¬ 
ture.  There  are  four  conduction  subbands,  which  we  will  designate  (in  order  of  increasing  energy) 
Ej,  E2,  E3,  and  E4.  Calculated  energies  for  the  E1-E4  and  E2-E3  transitions  are  128  and  11  meV, 
respectively.  The  E4-E3  transition  is  predicted  to  occur  at  14  meV. 

To  obtain  information  on  the  relative  positions  of  the  energy  levels,  the  intersubband  transi¬ 
tions  in  the  conduction  band  of  this  CQW  sample  have  been  studied  in  the  mid-infrared 
(2  to  25  jum)  using  a  Fourier-transform  spectrometer.  The  transmittance  spectrum  of  Figure  5-4 
was  taken  with  the  sample  cooled  to  about  25  K.  The  spectrum  shows  two  absorptions,  one  at 
132  meV,  the  other  at  119  meV.  These  absorptions  are  identified  with  the  allowed  transitions, 
Ej-E4  and  E2-E3,  respectively.  Each  absorption  is  approximately  10  meV  wide.  These  linewidths 
are  believed  to  be  dominated  by  fluctuations  in  the  quantum  well  widths  and  the  width  of  the 


Figure  5-4.  Transmission  spectrum  for  coupled  quantum  wells  at  25  K.  Measurement  was  made  with  p- 
polarized  light  incident  at  Brewster’s  angle.  The  higher  energy  absorption  is  identified  as  the  El-E4  transition, 
the  lower  as  the  E2-E3  transition.  The  arrows  mark  the  two  energies  used  to  pump  the  sample  for  far-infrared 
emission 
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thin  coupling  barrier.  The  discrepancies  between  theory  and  experiment  can  be  attributed  to 
band-bending  due  to  charge  in  the  structure.  Since  there  is  a  net  negative  charge  in  the  quantum 
wells  (due  to  modulation  doping),  the  Coulomb  interaction  is  expected  to  shift  the  energy  levels 
and,  to  a  lesser  degree,  the  transition  energies.  We  are  presently  modifying  our  model  to  include 
these  effects. 

Far-infrared  emission  measurements  were  made  with  the  sample  attached  to  a  copper  cold 
finger  by  indium  solder.  The  cold  finger  was  cooled  to  20  K  by  a  closed-cycle  helium  refrigerator, 
but  the  sample  temperature  is  expected  to  be  somewhat  higher  when  optically  excited.  The 
geometry  of  Figure  5-5  allowed  us  to  illuminate  the  sample  with  radiation  polarized  parallel  to 
the  direction  of  confinement.  We  pumped  electrons  from  the  Ej  subband  into  the  E4  subband 
with  a  CW  CO2  laser  focused  to  a  100-^m-diam.  spot  on  one  cleaved  face  at  a  corner  of  the 
sample.  The  far-infrared  radiation  emitted  from  the  other  cleaved  face  of  that  corner  of  the  sam¬ 
ple  was  collected  and  analyzed  with  a  Fourier-transform  spectrometer.  The  radiation  was  detected 
with  a  gallium-doped  germanium  photoconductor  cooled  to  4.2  K.  The  spectral  wavelength  range 
of  the  system  is  50  to  120  pm  (photon  energy  25  to  10  meV).  The  pump  laser  was  chopped  at 
approximately  200  Hz  and  the  signal  measured  with  a  lock-in  amplifier. 

The  emission  spectrum  shown  in  Figure  5-6  was  obtained  while  the  sample  was  illuminated 
with  a  power  of  approximately  6  W  from  the  CO2  laser  operated  at  a  wavelength  of  9.34  pm 
(133  meV  photon  energy),  near  the  peak  of  the  E1-E4  transition.  The  data  were  taken  with  a 
spectral  resolution  of  0.3  meV.  The  3-meV-wide  peak  at  17  meV  is  attributed  to  spontaneous 


Figure  5-5.  Pump  and  emission  geometry  for  measuring  far-infrared  emission. 
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Figure  5-6.  Far-infrared  emission  by  coupled  quantum  wells.  The  peak  at  17  meV  is  attributed  to  the  E4-Ej 
transition.  The  dashed  line  is  the  calculated  radiation  from  Al0  27Ga0  73As  at  100  K. 

emission  by  electron  transitions  from  the  E4  subband  to  the  E3  subband,  which  was  calculated  to 
occur  at  20  meV.  Calculations  indicate  that  the  low  energy  shoulder  at  12.5  meV  may  be  radia¬ 
tion  from  a  region  of  the  sample  where  the  coupling  barrier  is  one  monolayer  thicker.  There  is 
also  a  sharply  rising  feature  at  higher  energy  that  we  attribute  to  hot  phonon  emission  as  dis¬ 
cussed  below.  As  expected,  no  peak  at  17  meV  was  observed  when  the  pump  wavelength  was 
changed  to  10.6  pm  (117  meV  photon  energy),  corresponding  to  the  E2-E3  transition,  but  the 
higher  energy  component  of  the  spectrum  remained. 

The  emissivity  of  GaAs  and  AlGaAs  increases  sharply  for  photon  energies  approaching  the 
TO  phonon  modes.  The  dashed  curve  on  Figure  5-6  is  the  computed  spectral  density  emitted  by 
a  100-jum-thick  slab  of  AIq ^Gao  73AS  at  100  K  (TO  phonon  energy  33.33  meV).  Given  the  high 
pump  power  and  the  strength  of  the  intersubband  absorption,  it  is  reasonable  to  expect  that 
the  active  region  of  the  sample  would  be  heated  to  this  degree.  The  close  agreement  with  the 
spectrum  leads  us  to  believe  that  the  high  energy  feature  is  due  to  radiation  from  GaAs  and 
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AIq  27GaQ  73AS  layers  in  the  active  region  heated  by  nonradiative  relaxation  of  excited  carriers  in 
the  quantum  wells. 

In  summary,  we  have  reported  the  first  observation  of  radiative  transitions  by  optically 
excited  carriers  between  subbands  of  a  quantum-well  structure.  The  source  of  excitation  was  a 
CW  CO2  laser  operated  at  a  photon  energy  of  133  meV.  The  emission  has  an  energy  of  17  meV 
and  a  full  width  at  half-maximum  of  3  meV. 

J. W.  Bales  W.D.  Goodhue 

K. A.  McIntosh  E.R.  Brown 

T.C.L.G.  Sollner 

5.3  CASTING  PROCESS  FOR  MULTICHIP  INTERCONNECTS 

Multichip  integration  is  an  advanced  hybrid  technology  that  is  being  developed  to  combine  the 
advantages  of  conventional  hybrid  and  monolithic  circuits.  The  technique  can  be  used  to  inte¬ 
grate  VLSI  circuits  with  optoelectronic  devices  that  are  fabricated  of  different  materials  and, 
because  thin-film  interconnection  is  used  between  chips  without  wire  bonds,  there  is  a  promise  of 
performance  previously  achievable  only  in  a  monolithic  chip  technology 

The  individual  chips  are  embedded  in  an  epoxy  casting,  which  is  cured  at  room  temperature. 
The  resulting  assembly  can  be  processed  through  device  interconnect  or  circuit  metallization  levels 
as  a  monolithic  wafer.  The  accurate  location  and  planarization  of  these  chips  in  the  epoxy  is 
accomplished  with  the  technique  shown  in  Figure  5-7.  The  chips  are  placed  face  up  in  a  custom- 
formed,  reusable  RTV  rubber  mold  as  shown  in  Figure  5-7(a).  The  loaded  mold  is  pressed 
against  an  adhesive  film,  then  peeled  away  leaving  all  the  chips  in  the  correct  position  for  photo¬ 
lithography  as  in  Figure  5-7(b).  A  glass  or  rubber  frame  is  positioned  around  the  set  chips  to 
define  the  required  outside  perimeter  of  the  multichip  assembly.  The  epoxy  is  then  poured  into 
the  mold  as  indicated  in  Figure  5-7(c).  When  the  epoxy  is  fully  cured  the  frame  is  removed  and 
adhesive  is  peeled  from  the  assembly.  Next,  either  a  liftoff  or  a  plating  technique  is  used  to  pro¬ 
duce  the  interconnects  on  the  multichip  assembly  as  indicated  in  Figure  5-7(d). 

An  optoelectronic  receiver  which  consists  of  a  photodiode  and  an  FET  amplifier  has  been 
fabricated  using  this  multichip  technique.  As  seen  in  Figure  5-8(a),  an  InGaAs  PIN  diode  chip 
and  a  GaAs  MESFET  chip  are  cast  in  the  epoxy.  The  diode  and  MESFET  are  connected  by  the 
metallized  circuit  which  includes  impedance-matching  and  bias  networks.  No  bond  wire  is  needed 
to  connect  the  two  semiconductor  chips  and  the  entire  assembly  is  treated  like  a  single  monolithic 
circuit  substrate. 

In  preliminary  experiments  the  PIN  diode  has  been  illuminated  by  a  laser  amplitude- 
modulated  at  2  GHz,  as  diagramed  in  Figure  5-8(b).  The  measured  waveform  at  the  output  of 
the  MESFET  amplifier  is  indicated  by  the  trace  in  Figure  5-8(c). 

Further  experiments  are  under  way  to  develop  front-to-back  via  holes  through  the  epoxy 
substrate  and  to  provide  heat-sinking  to  circuit  components  where  it  is  necessary. 

L. J.  Mahoney  D.Z.  Tsang 

C.L.  Chen  K.M.  Molvar 
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CHIPS  POSITIONED  AND  ALIGNED 
ON  ADHESIVE 


(b) 


Figure  5-7.  Multichip-iniegraiion  casting  technique,  (a)  IC  chips  are  positioned  and  planarized  with  a  custom 
RTV  mold,  and  then  affixed  to  adhesive,  (b)  RTV  mold  is  removed  leaving  chips  planarized  on  adhesive  in 
precise  alignment,  (c)  Glass  frame  is  set  on  the  adhesive  to  define  the  substrate,  and  filled  with  epoxy,  (d) 
Epoxy  with  chips  embedded  is  separated  from  the  glass  and  the  adhesive  is  removed .  Circuits  are  then 
interconnected  with  standard  photolithography  and  metallization. 
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Figure  5-8.  (a)  Completed  multichip  optical  receiver,  (b)  Circuit  diagram  of  preliminary  test  measurement,  (c) 

Measured  waveform  at  the  amplifier  output  in  response  to  a  2- GHz  amplitude  modulation  signal  detected  by 
the  photodiode. 
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6.  ANALOG  DEVICE  TECHNOLOGY 


6.1  ATOMIC  OXYGEN  SOURCE  FOR  SUPERCONDUCTING  FILMS 

A  variety  of  deposition  methods  have  produced  high-temperature  superconducting  films  with 
very  high  critical  current  densities  (well  above  106  A/ cm2). 1-5  With  few  exceptions,  all  these 
methods  have  two  factors  in  common:  (1)  the  films  are  deposited  onto  hot  substrates  (usually 
between  600  and  800°C)  and  (2)  some  enhanced  form  of  oxidation  is  used  during  deposition. 
Ozone,5  activated  oxygen,1  atomic  oxygen,3’4  or  some  form  of  metallic  oxide  moieties6  all  have 
been  used  with  some  success.  There  is  little  controversy  about  the  need  for  high  temperature 
during  deposition,  but  it  is  not  yet  clear  what  form  of  oxygen  delivered  to  the  growing  film  is  the 
most  effective. 

Cosputtering  from  three  or  more  metal  targets  is  one  of  the  many  methods  that  have  been 
used  to  deposit  high-Tc  superconducting  films.  At  low  partial  pressures  of  oxygen,  the  surface  of 
the  targets  will  remain  metallic  during  sputtering.  At  higher  oxygen  pressures,  the  target  surface 
becomes  oxidized.  In  general,  the  use  of  oxidized  targets  leads  to  very  slow  rates  of  deposition 
and,  possibly,  to  the  bombardment  of  the  substrate  by  energetic  oxygen  atoms.  Consequently, 
most  researchers  have  concentrated  on  finding  some  method  to  enhance  the  oxidation  at  the  sub¬ 
strate  level  without  oxidizing  the  targets. 

One  method  to  accomplish  this  oxidation  is  to  use  an  atomic  oxygen  beam  concurrently  with 
the  deposition  of  the  metallic  species.  Microwave  sources,3’4  electron-cyclotron  resonance  sour¬ 
ces,4  and  dc  discharge  between  metallic  electrodes7  have  all  been  used  for  films  deposited  by  co¬ 
evaporation  and  cosputtering.  In  this  report  we  describe  experiments  with  an  inductively  coupled 
plasma  source  that  has  been  fabricated  for  use  with  a  cosputtering  system. 

In  Figure  6-1  we  show  the  configuration  of  the  atomic  oxygen  source.  RF  power  is  coupled 
inductively  to  the  plasma  through  a  coil.  A  simple  matching  network  formed  by  a  series  and  a 
parallel  capacitor  allows  for  the  effective  coupling  of  RF  power  (13.56  MHz).  As  shown  in  the 
figure,  the  source  is  composed  of  two  quartz  envelopes,  an  inner  one  where  the  gases  are  injected 
and  an  outer  one  which  provides  for  vacuum  integrity  of  the  whole  source.  This  double-envelope 
construction  is  necessary  since,  as  described  later,  any  metal  part  that  touches  the  atomic  oxygen 
increases  recombination  drastically,  reducing  the  efficiency  for  the  production  of  atomic  oxygen. 

A  variety  of  gas  mixtures  including  combinations  of  oxygen,  argon,  helium,  krypton,  nitro¬ 
gen,  hydrogen,  water,  and  nitrous  oxide  have  been  used.  Only  02  +  N2,  02  +  H2,  and  02  +  H20 
produced  large  enough  concentrations  of  atomic  oxygen  to  be  useful.  The  pressure  inside  the 
inner  tube  used  in  most  experiments  is  between  2  X  lO'1  and  5X  10'1  Torr. 

The  measurement  of  the  concentration  of  atomic  oxygen  exploits  the  fact  that  atomic  oxygen 
will  adhere  to  silver  and  silver  oxide,  diffusing  rapidly  in  the  metal.  In  contrast,  the  sticking 
coefficient  for  molecular  oxygen  is  zero.  The  implementation  of  this  approach3  for  measuring  the 
output  of  our  sources  is  illustrated  in  Figure  6-2. 
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Figure  6-1.  Inductively  coupled  plasma  source  of  atomic  oxygen. 

Before  each  run  a  1500-A  film  of  silver  is  deposited  on  a  quartz-crystal  microbalance  at¬ 
tached  to  a  table  inside  the  vacuum  system.  The  plasma  in  the  source  is  ignited  and  the  micro¬ 
balance  is  rotated  under  the  atomic  oxygen  source.  The  mass  added  to  the  crystal  can  be  deter¬ 
mined  from  the  change  in  the  oscillation  frequency  of  the  crystal.  A  typical  plot  of  mass  gain  as 
a  function  of  time  is  shown  in  Figure  6-3. 

In  the  initial  part  of  the  curve,  the  mass  gain  is  determined  by  the  atomic  oxygen  flux  and, 
in  the  later  part  of  the  curve,  by  the  diffusion  of  the  oxygen  into  the  silver  through  a  layer  of 
silver  oxide.  To  convert  the  mass  gain  into  an  atomic  oxygen  flux  we  make  two  assumptions: 

(a)  that  the  rate  of  mass  gain  for  the  initial  stage  of  oxide  growth  is  proportional  to  the  atomic 
oxygen  flux,  and  (b)  that  the  initial  sticking  coefficient  for  the  atomic  oxygen  is  one.  Assumption 

(b)  is  probably  not  correct  but,  provided  that  the  sticking  coefficient  is  not  a  strong  function  of 
the  atomic  oxygen  concentration,  the  method  still  allows  us  to  compare  different  operating  condi¬ 
tions  and  optimize  the  source. 

Experiments  were  performed  to  maximize  the  flux  of  atomic  oxygen.  Very  little  variation  of 
flux  was  found  for  RF  powers  greater  than  250  W,  so  an  RF  power  of  300  W  was  used  for  all 
the  reported  measurements.  An  input  molecular  oxygen  flow  of  3  seem  was  dictated  by  the 
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Figure  6-2.  Measurement  of  atomic-oxygen  flux  by  microbalance  assay  of  oxygen  captured  in  silver  film 


TIME  (s) 

Figure  6-3  Mass  gain  of  silver  film  bombarded  by  atomic  oxygen  as  a  function  of  exposure  time. 
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requirement  for  plasma  stability,  even  though  the  atomic  oxygen  flux  did  not  increase  signifi¬ 
cantly  for  flows  above  2  seem.  The  flux  of  atomic  oxygen  obtained  with  pure  molecular  oxygen 
was  very  low  and  it  was  very  difficult  to  start  the  plasma.  Addition  of  even  a  small  flow  of  N2, 
H2,  or  H20  increased  the  flow  of  atomic  oxygen  manyfold.  The  results  of  these  experiments  are 
summarized  in  Table  6-1. 


TABLE  6-1 

Influence  of  Gas  Flow  and  Composition  on  Oxygen  Atomic  Flux 

Auxiliary 

Flow 

Mass  Gain  Rate 

Atomic  Oxygen  Flux 

Gas 

(seem) 

10"8  g/cm2-s 

1015  Atoms/cm2-s 

None 

— 

0.5 

0.19 

n2 

4  X  lO'1 

9.9 

3.7 

n2 

3  X  10'1 

8.0 

3.0 

h2 

2.5  X  10-2 

7.5 

2.8 

h2 

1 .5  X  10-2 

9.8 

3.7 

h2 

4  X  10'2 

5  6 

2.1 

h2o 

2  X  10'2 

7.0 

2.6 

h2o 

5  X  IQ'2 

9.0 

3.4 

The  efficiency  of  the  source  is  defined  as  the  total  flow  of  atomic  oxygen  as  a  percent  of 
maximum  possible  flow  (twice  the  flow  of  molecular  oxygen).  We  have  measured  the  atomic  flux 
over  the  width  of  the  atomic  oxygen  beam.  With  the  assumption  (supported  by  measurements) 
that  any  metallic  surface  has  very  high  recombination  coefficient,  so  that  only  direct  paths 
between  source  and  detector  are  possible,  we  infer  an  efficiency  of  approximately  25  percent. 

To  avoid  oxidation  of  the  metallic  targets,  we  must  deliver  the  atomic  oxygen  as  close  to  the 
substrate  as  possible.  To  investigate  the  effect  of  the  transport  tube  material,  we  mounted  the 
source  at  the  end  of  a  48-cm-long  stainless-steel  pipe  that  could  then  be  lined  with  tubes  of  dif¬ 
ferent  materials  to  be  studied.  By  measuring  the  flux  at  the  exit  end  of  the  tube,  a  “transmission 
coefficient”  can  be  calculated.  Preliminary  results  are  summarized  in  Table  6-2.  More  recent  mea¬ 
surements,  however,  show  that  the  transmission  coefficient  is  a  function  of  the  atomic  oxygen 
flux  and  that,  when  using  the  tube,  the  atomic  oxygen  is  spread  over  a  much  larger  area. 
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TABLE  6-2 

Transmission  of  Atomic  Oxygen  Through 

Tubes  of  Different  Materials 

Tube  Material 

Flux  Transmission  Coefficient 

Stainless  Steel 

0.0 

Quartz 

0.2 

Teflon  TFA 

0.36 

Teflon  TPFE 

0.50 

For  a  typical  deposition  rate  of  2  A/ s  the  total  oxygen  flow  necessary  to  fully  oxide  the 
superconductive  Y-Ba-Cu-O  phase  is  8  X  1014  cm'2  s'1.  As  shown  in  Table  6-1,  our  atomic  oxygen 
source  can  provide  the  necessary  flux.  However,  oxygen  flux  is  attenuated  significantly  by  the 
transport  to  the  substrate  area.  Methods  of  improving  the  transfer  efficiency  as  well  as  an  abso¬ 
lute  calibration  of  the  flux  are  now  under  investigation. 

A.C.  Anderson 
W.T.  Brogan 

6.2  HYBRID  ANALOG/DIGITAL  CIRCUITRY  FOR  A  SUPERCONDUCTIVE 
TIME-INTEGRATING  CORRELATOR 

We  have  recently  completed  the  design,  fabrication,  and  testing  of  a  superconductive  analog 
signal  correlator  coupled  to  on-chip  digital  readout  circuitry.  The  complete  circuit  is  fabricated 
using  a  Nb/Pb  tunnel-junction  technology  and  operates  at  4.2  K.  The  block  diagram  of  the 
superconductive  correlator  is  shown  in  Figure  6-4.  The  device  consists  of  a  niobium  delay  line 
coupled  to  mixer/integrator/peak-detector  (MIP)  cells  which  have  been  previously  described  in 
detail.8  The  function  of  the  delay  line  is  to  provide  time-delayed  wideband  signal  and  reference 
waveforms  to  the  individual  MIP  cells.  The  relative  time  delay  between  the  two  waveforms  is 
linearly  increased  for  each  MIP  cell  along  the  delay  line. 

Each  MIP  cell  performs  the  correlation  of  the  time-delayed  analog  waveforms  provided  by 
the  tapped  transmission  line.  The  outputs  from  each  of  the  MIP  cells  is  a  binary  signal  which 
changes  from  a  “0”  to  a  “1”  when  the  magnitude  of  the  correlation  in  the  respective  cell  first 
exceeds  a  common,  externally  generated  threshold  level.  These  outputs  are  sent  to  the  binary 
address  encoder  for  conversion  to  a  digital  format  representing  the  location  of  the  MIP  cell  along 
the  delay  line.  The  Josephson  junction-based  circuit  used  in  the  address  encoder  was  described  in 
detail  in  Reference  9. 
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Figure  6-4  Block  diagram  of  superconductive  time-integrating  correlator.  The  prototype  chip  which  was 
tested  contains  the  elements  enclosed  by  the  dashed  box. 


A  prototype  chip  was  fabricated  and  tested  which  contains  the  circuitry  shown  within  the 
dotted  line  in  Figure  6-4.  This  chip  was  used  to  correlate  two  4-GHz  tones  with  time  durations 
up  to  5  ps .  Figure  6-5  shows  representative  results  from  these  tests. 

On  the  left-hand  side  of  Figure  6-5,  the  top  trace  represents  the  time-duration  of  the  4-GHz 
waveforms  entering  the  MIP  cell.  The  middle  trace  shows  the  address-encoder  power-supply  cur¬ 
rent,  and  the  bottom  trace  shows  the  ramp  current  input  to  the  Josephson  junction  peak-detector 
circuit.  This  ramp  current  effects  a  linearly  decreasing  threshold  for  the  comparator  in  the  MIP 
cell.  The  address-encoder  outputs  A2,  Al,  and  AO  are  shown  on  the  right-hand  side  of  Fig¬ 
ure  6-5.  For  the  tested  device,  the  MIP  cell  was  connected  to  input  5  of  the  address  encoder. 

It  is  observed  when  the  sum  of  the  integrator  currents  and  the  peak  detector  ramp  currents 
exceed  the  peak-detector’s  critical  current,  the  peak  detector  switches  to  the  voltage  state,  sending 
its  output  to  the  address  encoder  which  then  reports  that  cell  number  five  has  fired.  The  relative 
timing  of  the  address  encoder  output  reveals  the  magnitude  of  the  correlation  sample  as  described 
in  Reference  10.  Figure  6-5(a)  shows  typical  waveforms  for  the  case  where  the  time-duration  of 
the  input  waveforms  was  approximately  0.5  (jls.  Figure  6-5(b)  shows  the  case  where  the  integra¬ 
tion  was  done  over  a  3-ps  interval.  In  (b)  it  is  observed  that  the  address  encoder  outputs  occur 
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Figure  6-5.  Oscilloscope  waveforms  showing  test  structure  operation  for  (a)  0.5- ps  integration  and  (h)  3-ps 
integration.  The  left-hand  side  shows  the  input  to  the  MIP  cell  (top  trace),  address-encoder  supply  current 
(middle),  and  current  input  to  Josephson  junction  peak  detector  (bottom).  The  right-hand  side  shows  the 
address-encoder  outputs  (expanded  time  scale)  during  the  presence  of  the  peak-detector  ramp. 


sooner  in  time.  By  monitoring  the  timing  of  the  address  encoder  outputs  in  this  way,  it  was 
inferred  that  the  resonator  (integrator)  content  was  variable  over  a  37-dB  dynamic  range.  The 
1-dB  compression  point  occurred  for  signals  3  /ns  long.  Based  on  a  2-GHz  input  bandwidth,  this 
device  should  therefore  support  waveforms  with  time-bandwidth  products  equal  to  6000. 

We  have  also  fabricated  a  complete  integrated  circuit  containing  a  14-channel  superconduc¬ 
tive  time-integrating  correlator.  A  photomicrograph  of  the  device  is  shown  in  Figure  6-6.  The 
device  measures  4  X  2.5  cm.  Functional  testing  is  currently  under  way. 

J.B.  Green 
M.  Bhushan 


TAPPED 
DELAY 
LINE 


MIXER/INTEGRATOR/PEAK-DETECTOR  CELL 


OUTPUT  ADDRESS  ENCODER 


Figure  6-6.  Photomicrograph  of  14-channel  superconductive  time-integrating  correlator. 
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